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Chair: Dr. Rudy M. Ortiz 

 

Abstract 

 

Caloric restriction (CR) is an effective intervention to acutely reduce adiposity and total body mass 

(BM) to improve insulin resistance and ameliorate metabolic derangements. However, CR also 

results in metabolic adaptations, including increase expression of orexigenic hormones, decreased 

resting metabolic rate, and prioritization of gluconeogenesis and lipolysis as fuel sources, which in 

combination promote a higher caloric intake and facilitate the regain of body mass. In the first 

original study presented in this dissertation we demonstrated that acute, severe (50%) CR in the 

obese, insulin resistant OLETF rat, elicits improvements in insulin resistance and plasma lipid 

profiles. However, these improvements were accompanied by a large collateral loss of lean body 

mass, and were abrogated after partial recovery of body mass following CR. The next study 

showed, via assessment of plasma metabolomic profiles, that lipolysis and proteolysis, but not 

gluconeogenesis, reverted towards pre-caloric restriction levels following recovery of body mass, 

providing a partial explanation of why insulin resistance rapidly returned following mass recovery, 

and confirmed the presence of extensive lean tissue catabolism. In the third study, we showed that 

moderate (30%) CR improved insulin resistance and kidney function, albeit not as profoundly as 

50% CR, while preserving body mass. However, when combined with administration of a SGLT2 

inhibitor, 30% CR further improved insulin sensitivity via changes in muscle and liver metabolism, 

without causing hypoglycemia or lean tissue catabolism. Together these findings contribute to the 

current body of knowledge on the metabolic impact of caloric restriction via implementation of 

different degrees of CR in a rat model that recapitulates the progression of metabolic syndrome 

observed in humans. Moreover, this work contributes novel findings on the metabolic 

consequences of regaining fat mass, or “rebound effect”, along with results that support the 

potential of a simultaneous intervention of moderate CR and SGLT2 inhibition as a potential means 

to successfully improve glucose tolerance and lower blood pressure.  
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Chapter 1: Introduction 

 

The following dissertation starts with a mini-review on the metabolic adaptations derived from 

caloric restriction (CR) in both clinical studies and rodent models, and how these adaptations 

translate into an increased risk of developing metabolic syndrome when body mass regain or 

cycling occurs (Chapter 1). It continues with a study on how acute, severe CR elicit transient 

improvements on insulin resistance on an animal model of metabolic syndrome, which are 

abrogated almost entirely by partial body mass recovery (Chapter 2). This study is further expanded 

in subsequent chapters with a metabolomics analysis in plasma, exploring changes in metabolic 

pathways and correlations to adipose mass and insulin resistance index (Chapter 3). The 

dissertation continues with an independent study on the same model on how mild CR, in 

combination with SGLT2 inhibition, improves insulin resistance while assessing potential changes 

in metabolic pathways by plasma metabolomics (Chapter 4). Chapter 6 closes this dissertation by 

summarizing the most important findings of the previous chapters, expands on the broader impact 

of the research presented, and finishes with future directions for this research. 

 

1.1 Body Mass Cycling and Predictors of Body Mass Regain during Impaired Metabolism 

1.1.1 Abstract 

Caloric restriction (CR) is the first line intervention to reduce adiposity and total body mass (BM) 

to improve insulin resistance and ameliorate metabolic derangements. However, the lost adipose is 

difficult to maintain reduced in the long term due to several factors including compensatory 

changes in orexigenic hormones, adipokine release, pro-inflammatory state, adipose morphology, 

and resting metabolic rate as a consequence of the caloric deficit. Hence, most patients undergoing 

a BM reduction intervention ultimately regain the lost mass and too often additional adipose 

overtime, which is hypothesized to have increased deleterious effects chronically. In this mini-

review we describe the effects of BM cycling (loss and regain) on insulin resistance and 

cardiometabolic health and factors that may predict BM regain in clinical studies. We also describe 

the factors that contribute to the chronic deleterious effects of BM cycling in rodent models of diet-

induced obesity (DIO) and other metabolic defects. We conclude that most of the improvements in 

insulin resistance are observed after a profound loss in BM regardless of the diet and that BM 

cycling abrogates these beneficial effects. We also suggest that more BM cycling studies are needed 

in rodent models resembling the development of T2DM in humans. 

1.1.2 Introduction 

 

Caloric restriction (CR) is a first line intervention to reduce adiposity and total body mass (BM) 

during obesity, which is especially important for improving the factors of metabolic syndrome 

(MetS). Even a modest reduction in daily caloric intake (500-1000 kcal/day) can decrease fat mass 

(FM) and improve insulin sensitivity to a greater extent than 5 days/week of moderate exercise [1]. 

Moreover, remission of T2DM with sustained normalization of basal blood glucose and liver and 

pancreas triglycerides (TG) was observed in patients that lost 15 kg of BM via CR [2]. Additionally, 

a previous systematic review categorized the decrease in total caloric intake (specifically sugar-

sweetened beverages) as a primary determinant of maintaining the lost BM, surpassing meal 

replacement and socioeconomic factors [3]. Moreover, the CR-induced decrease in visceral adipose 

improved cardiometabolic risk factors (increased serum HDL and decreased TG and VLDL 

concentrations) and decreased systemic inflammatory markers (high sensitivity C-reactive protein 

[hsCRP] and α1-acid glycoprotein) [4]. In addition to the aforementioned benefits, CR may 
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increase survival as observed in a DIO mouse model where 30% CR and BM cycling decreased 

mortality compared to ever-obese mice [5]. 

 

However, several factors make further loss of BM and maintenance a challenge, in particular 

energetic deficit, making CR a less effective BM loss strategy compared to other interventions (e.g. 

bariatric surgery) for chronic BM reduction and maintenance [6]. This is further explained by a 

disparity between decreased energy expenditure (EE) and increased appetite proportional to the 

lost BM, causing an average BM regain of 80% within 5 years after the intervention in patients 

undergoing long-term BM loss [7]. Additionally, total daily EE decreased in obese subjects, and 

more so when BM loss exceeded 10% of total mass, thus accentuating net-positive caloric intake 

[8], although the change in RMR correlated better with free-fat mass (FFM) than fat-mass (FM), 

which was shed in higher proportion [9]. For high BM loss (>5%), the amount and rate of BM loss 

had a strong, positive association (P<0.001 and P=0.049, respectively) with the amount of BM 

regain, whereas this relationship was not observed when the lost mass was lower [10]. This is 

particularly important to consider when a high amount of FM loss is desirable. Nonetheless, the 

potential detrimental effects of BM cycling on obesity (i.e. fat mass accumulation) and metabolic 

risk factors remain controversial and inconclusive as indicated by roughly half the studies 

previously reviewed from 1994 to 2015 [11].  

 

1.1.3 Predictive Factors of Regain in BM Loss Interventions 

 

Changes in basal fasting insulin and insulin sensitivity after BM loss have been suggested to be 

predictors of future BM regain. However, two independent studies, one with obese, non-diabetic 

patients and another with T2DM patients failed to find a correlation between decreased basal 

insulin (non-diabetic patients) or increased insulin sensitivity (diabetic patients) and BM regain 

after 30 and 24 months, respectively [12]. In contrast, fasting plasma glucose (FPG) has been 

suggested to predict BM regain. In a randomized diet (high MUFA) study in obese, non-

hyperglycemic adults (FPG > 105 mg/dL), after losing >8% of BM on average, patients with FPG 

below 90 mg/dL and/or insulin below 50 pM regained BM to a lesser extent than the cohort with 

higher basal glucose and insulin [13]. However, the proportion of dietary fat was not found to have 

a significant impact on rate of regain, as supported by another study [14]. 

 

Fasting levels of orexigenic hormones such as leptin and ghrelin can discriminate between future 

BM regainers from non-regainers. In overweight and obese patients enrolled in a 2-month 

nutritional BM loss program, the leptin:ghrelin ratio was higher at baseline in patients that regained 

>10% of BM lost over the next 6 months [15], while in obese, T2DM patients, reduction of leptin 

after 6 months of BM reduction, but not basal leptin, strongly predicted the regain of BM in the 

following 18 months [16]. In addition, sex hormone-binding globulin (SHBG), adiponectin, and 

testosterone were inversely correlated with obesity and parameters of MetS and positively 

correlated with leptin, retinol-binding protein 4 (RBP4), luteinizing hormone (LH), and prolactin 

in obese males [17]. These observations are important to consider as they highlight the increase in 

risk of BM regain when low levels of FPG and leptin are not maintained prior to BM reduction. 

Furthermore, this risk is not corrected with short term leptin reduction following BM reduction 

whatsoever. Therefore, the advantage of monitoring FPG and hormonal profile well before the 

onset of obesity for securing the success of future BM loss interventions is made evident.  
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1.1.4 Long-Term Re-examination of Biomarkers after BM Loss and Their Correlation with 

Regain  

 

Recent follow-up studies have tried to identify associations between basal levels of adipokines and 

other biomarkers before BM loss intervention with the rate of BM regain, with a focus on 

circulating leptin due to its effects on increasing EE and insulin sensitivity [18]. This is of particular 

interest to identify potential pharmaceutical targets to prevent regain [19]. In a study of morbidly 

obese patients participating in a 2 month BM loss intervention with a daily intake of 20-25 kcal/kg 

of ideal BM, a re-examination 3 months after the intervention showed that BM was maintained, 

while after 12 months excess BM was only partially recovered (17.7% of the 35.5% lost on average) 

and did not correlate to the rate of excess mass loss or the presence of diabetes [20]. In overweight, 

non-diabetic women with an 800 kcal/day diet intended to reduce BMI below 25 kg/m2, re-

examination after 2 years revealed that 80% of BM was recovered, which had no correlation to 

basal insulin sensitivity, serum leptin concentrations, or RMR [21]. 

 

Fasting active ghrelin was increased and RMR decreased in non-diabetic, overweight subjects 

undergoing an 8-week, 550-660 kcal/day diet followed by 4 weeks of BM maintenance [22] and in 

diabetic subjects undergoing 10% BM loss without reversal after a 1 year follow-up [23]. 

Additionally, a >10% BM loss decreased circulating leptin, peptide YY, cholecystokinin (CCK), 

and insulin [24]. This is important to consider because these hormones regulate appetite and are 

key to helping to regulate BM maintenance.  

 

In addition to the associations between adipokines and appetite regulation with BM regain, higher 

circulating levels of long-chain acyl carnitines (AC) (particularly C18:1, C20:1 and C20:2), higher 

free fatty acids (FFA), and lower respiratory quotient (RQ) predicted the maintenance of BM after 

>8% diet-induced BM loss [25]. Moreover, higher subcutaneous adipose mitochondrial capacity 

was associated with BM loss without regain. Basal expression of important mitochondrial pathway 

genes (TCA cycle, oxidative phosphorylation, β-oxidation, and branched-chained amino acid 

(BCCA) catabolism) was lower in the group that partially regained BM (11% to 5% BM loss) 

compared to the non-regain group 12 months after the start of BM loss [26]. Collectively, these 

studies demonstrate that profound reductions in BM elicit adaptations on appetite regulating 

hormones, both orexigenic and anorexigenic, in response to a proportionally lower FM, which may 

help explain why it is difficult to maintain BM loss chronically. Conversely, efficient mitochondrial 

activity and a successful shift toward greater lipid metabolism after BM loss are influential factors 

that may prevent regain. 

 

1.1.5 BM Loss and Regain in Insulin Resistance  

 

The CR-induced reduction in BM may improve markers of MetS, especially insulin resistance and 

SBP. This was observed in a cohort of obese, pre-diabetic patients, which had an average reduction 

in BM of 8.7-10.2% after 6 months of a lifestyle intervention associated with reduced FPG, insulin, 

and HOMA-IR [27]. However, 18 months after BM reduction, these parameters increased in the 

loss-regain group compared to the loss-maintain group, to the point where FPG was higher in the 

loss-regain group compared to the group that did not experience an initial loss in BM [28]. 

Additionally, a short-term intervention with healthy, non-overweight patients subjected to 1 week 

of overfeeding (50% above daily caloric requirements) followed by 3 weeks of 50% CR, then 2 

weeks of refeeding, increased fasting insulin and HOMA-IR after overfeeding that were corrected 

after CR and increased again after refeeding. Moreover, the transient improvement in insulin 

sensitivity was correlated with increased ghrelin and decreased leptin, TSH, and fT3 [29]. An 
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analysis of the Look AHEAD (Action for Health in Diabetes) trial, comprised of diabetic patients 

with ≥3% BM loss after a 1-year intervention, demonstrated that patients with ≥10% BM loss had 

lower basal HbA1c and diastolic BP, and more favorable cardiovascular risk factors. Moreover, 

patients who regained >75% of their lost BM during the 1-year intervention had higher HbA1c, 

SBP, and TG concentrations 3 years after, even when BM was maintained after the intervention 

[30]. Nonetheless, the improvement in HbA1c after 4 years was more profound in patients with 

higher BM loss compared to those with small or no BM loss, even with full regain [31].  

 

Different degrees of CR (500 kcal/d [VLCD] and 1250 kcal/d [LCD]) with equivalent BM loss did 

not induce differential effects between groups (including regain) except for a greater decrease in 

ACE activity. However, at 9 months re-examination, the post-oGTT glucose was lower in VLCD 

group, while glucose returned to basal levels in LCD [19] suggesting that the degree of CR and not 

absolute BM loss had a greater effect on improving insulin resistance. Nonetheless, a high-

saturated-fat meal test in a pooled sample did not alter fatty acid uptake in subcutaneous adipose 

before or after BM loss [32]. Additionally, expression of several leucocyte integrin genes following 

BM loss correlated positively with the percentage of BM regain suggesting that residual 

inflammation is present following BM loss, increasing the risk of BM regain and the metabolic 

risks associated with BM cycling [33]. CR-induced BM loss may reverse β-cell functionality in 

early onset T2DM. Several patients undergoing a CR for 16 weeks and achieving an average loss 

of 16.4 kg of BM achieved non-diabetic HbA1c and FPG without needing antidiabetic drugs, and 

half of these patients maintained normoglycemia after re-examination at 2 years [34]. In short, a 

higher degree of CR confers more profound benefits to improving insulin sensitivity and has the 

potential to delay the onset of T2DM in healthy subjects, while a profound reduction of BM via 

CR reduces cardio metabolic risk factors in diabetic patients. However, the degree of CR may not 

be sustainable chronically due to the metabolic adaptations summarized previously, and even 

partial BM recovery (>70%) [19, 28] is enough to abolish these benefits ultimately. 

 

1.1.6 BM Cycling and Intermittent Fasting in Clinical Studies 

 

BM cycling (a.k.a. yo-yo dieting) is driven by an absence of compensatory changes in hunger and 

satiety in response to overfeeding and impairs the ability of subjects to sustain BM loss chronically 

[35]. Studies have suggested that BM cycling may be more deleterious than simply maintaining 

BM and may increase the risk of T2DM and CVD. For example, in obese, non-diabetic patients 

with MetS, BM regain after 60 months increased pulse wave velocity (PWV), a measure of arterial 

stiffness [36]. Additionally, follow-up studies after 4 [37], 10 [38] and 16 years [39] showed that 

higher BM fluctuations increased HOMA-IR and mortality [39], with the added detriments of 

increased SBP, total cholesterol, and TG [38] or higher risk for T2DM [37]. Conversely, the 

incidence of T2DM decreased with higher fluctuations in BM (protective effect) in overweight 

subjects [39] demonstrating the inconsistency in the BM cycling effects. Nonetheless, patients with 

an average loss of 16.7 kg after a 21-day intervention regained 15.1 kg after discharge but did not 

report differences in resting EE (REE), SBP, glucose, or insulin before CR and after BM regain 

[40].  

 

Despite the potential deleterious effects of BM cycling, intermittent cycles of energy restriction 

(ER) of 2 weeks, due to the bi-phasic nature of adaptation to BM loss, has been recommended to 

trigger the acute alterations in cellular metabolism without reaching the later phase of REE 

reduction. BM loss and attenuation of REE was greater with intermittent ER compared to 33% CR 

after 16 weeks [41]. A similar trend in BM loss and REE attenuation was observed in healthy, lean 

subjects, albeit to a lower magnitude [42], potentially due to higher proportion FFM in these 
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subjects. A short-term intervention consisting of 5 days ad libitum intake followed by 2 days of 

absolute restriction achieved short-term improvements in BM, FM, and hs-CRP but not lipid 

profiles [43]. In general, these studies suggest that multiple BM cycling events may increase the 

risk factors for metabolic syndrome, and that intermittent fasting without cycling could be a viable 

alternative to avoid BM cycling by preventing the undesired metabolic adaptations caused by 

sustained CR. 

 

1.1.7 BM Cycling and Insulin Resistance in Rodents 

 

Several studies on BM cycling have been performed in rodent models to elucidate the mechanisms 

contributing to metabolic derangements after BM regain. We have shown that partial BM regain 

following 50% CR abolished the acute improvements in insulin resistance independent of a regain 

in FM with further derangement in gluconeogenesis in OLETF rats [44]. These results are 

consistent with others in Wistar rats, which were subjected to 4 BM loss-regain cycles via 50% CR 

and had lower FM compared to control; however, the expected increases in ghrelin, leptin, or 

insulin after BM regain were not observed [45]. Furthermore, 4 bouts of diet-induced (high fat-low 

fat) BM cycling decreased basal EE and glucose tolerance compared to obese controls in C57Bl/6J 

mice [46].  

 

The effects of BM regain associated with HFD in C57Bl/6J mice on mediators of insulin resistance 

depend on diet duration. The BM regain following a 4-wk HFD intervention increased the 

accumulation of TG and of lysophosphatidic acid (LPC), an important lipid effector of fatty acid-

induced insulin resistance, in the gastrocnemius and soleus muscles, respectively [47]. The 

improvements in fasting glucose and insulin induced by approximately 25% loss in BM with a 

control diet were abolished by 6 weeks of HFD with visceral adiposity increasing above HFD only 

mice [48]. Additionally, mice regaining BM had hepatic TG similar to HFD only mice, and higher 

basal insulin compared to mice that did not experience BM cycling [49]. After 8 weeks of BM 

cycling, relative mRNA and protein expressions of CTRP3, an anti-inflammatory and 

hypoglycemic adipokine, decreased and adipocyte volume increased [50]. Alternating low-high fat 

diet cycles for 9 weeks increased adipose CD4+ and CD8+ T-cells despite similar BM to the obese, 

non-cycling mice suggesting that BM cycling may be more detrimental than BM maintenance even 

if in an obese condition. Furthermore, BM cycling decreased adipose pAKT, a measure of insulin 

sensitivity, and increased both fasting glucose and glucose AUC after GTT [51]. However, BM 

cycling induced by 80% CR reduced adipocyte size after two cycles without changing food 

efficiency or fasting glucose, leptin, and adiponectin [52]. Intermittent fasting (IF) cycles with a 

2:1 ratio (2 days of ad libitum feeding and 1 day of fasting) decreased FM in both obese and lean 

mice, without any change in FFM unlike previous studies with 1:1 IF cycles. Moreover, IF reduced 

glucose AUC after intraperitoneal GTT in both DIO mice (C57BL/6J) and leptin impaired ob/ob 

mice [53]. These results are important to consider, as BM cycling reduces EE and insulin sensitivity 

regardless of the duration of CR. Moreover, BM cycling promotes accumulation of TG in the 

muscle and liver, and activated T-cell accumulation in adipose tissue, which further promotes 

insulin resistance.  

 

1.1.8 BM Cycling, Blood Pressure, and RAAS in Rodents 

 

BM loss, especially in the form of FM, is suggested to improve CV health. A 9% reduction in BM 

in obese subjects improved the recovery of heart rate after a maximal aerobic capacity test 

compared to baseline [54]. The changes in SBP paralleled the BM loss and regain achieved by 

alternating an obesity diet with 50% CR every 2 wks in normotensive Sprague-Dawley rats; 
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however, the BM cycling per se did not elicit a net change in SBP at the end of the study [55]. The 

BM regain following severe CR increased the sensitivity of the RAAS. In female Fischer rats, 60% 

CR for 2 weeks, reduced MAP by 20 mmHg after BM decreased 15%. However, 3 months after 

refeeding and complete BM regain, MAP reverted to basal levels. Furthermore, angiotensin 

converting enzyme (ACE) activity and angiotensin II (Ang II) were increased, and MAP was more 

sensitive to exogenous Ang II in the regain group [56]. 

 

In SHRs, 50% CR increased cardiac atrophy and sarcoplasmic remodeling of myofibrils and 

mitochondria, and decreased the ionotropic effect when stimulated with Ca2+ and isoproterenol 

compared to ad libitum fed rats. However, these differences were absent in the cycling group 

(weekly between 50% CR and ad libitum refeeding) compared to non-cycling group [57]. These 

results support the notion that the improvements in blood pressure are related to BM reduction. 

However, they also demonstrate the loss of these improvements with BM cycling. Moreover, the 

cardiac remodeling after severe CR may potentiate adverse effects on CV health. 

 

1.1.9 Potential Regulators of BM Regain in Rodents 

 

In the agouti-related peptide (AgRP)-carnitine acyltransferase (Crat) KO mouse, 9 days of 60% CR 

decreased RQ, FM, and plasma leptin without changing basal glucose; however, FM regain was 

greater after 11 days of ad libitum refeeding [58]. In C57/BL6 mice, 9 weeks of HFD-induced 

obesity was not reverted by a subsequent low fat diet (LFD) for 9 weeks. However, glucose 

tolerance was improved with LFD but adipose and prostaglandin signaling were maintained, while 

most of the liver metabolome was reverted to basal levels [59]. Conversely, BM regain induced by 

4 weeks of HFD decreased several liver amino acids and lactate, a gluconeogenic intermediate, and 

increased the gluconeogenic enzymes, glucose-6-phosphatase (G6Pase) and pyruvate carboxylase 

(PC), which translated into higher fasting glucose [60]. In mice, 40% CR with LFD after 8 weeks 

of HFD, increased RER compared to the LFD controls suggesting that the transition from glucose 

to fatty acid oxidation was delayed, a sign of obesity-induced metabolic dysregulation. 

Furthermore, when re-challenged with HFD, adipose hormone-sensitive lipase (HSL) 

phosphorylation was lower translating into reduced lipolysis compared to lean mice [61].  

 

The BM loss achieved by LFD following an obesity-inducing diet increased feeding motivation 

compared to non-cycling mice without changing physical activity. Additionally, the rate of BM 

loss was positively correlated with rate of regain [62]. Suppressed thermogenesis may also increase 

BM regain especially when disproportionate FM recovery is associated. In SD rats, BM cycling 

(50% CR for 2 weeks followed by 16 days of ad libitum refeeding) reduced mean core body 

temperature during CR and BM regain, and increased the rate of FM regain, compared to age- and 

mass-matched controls [63]. 

 

Activated CD4+ cells have also been suggested to determine BM regain because of their 

contributions to chronic inflammation and accumulation in adipose. Activation of CD4+ cells were 

increased in DIO C57BL/6J mice experiencing 1 month of HFD followed by BM normalization. 

In these mice, the rate of BM regain and adipose T-cell abundance increased compared to non-

cycling mice, whereas these differences where abrogated with administration of dexamethasone, a 

T-cell and pro-inflammatory cytokine inhibitor. Moreover, mice experiencing BM cycling had a 

lower RER even after normalization of BM suggesting that “memory” adaptation to acquire most 

of the lost energy via fatty acid oxidation may exist [64]. While there is a general consensus of the 

metabolic shift from lipid oxidation to gluconeogenesis and FA mobilization to the liver and muscle 

after substantial BM loss, it is of interest that suppressed thermogenesis and maintained 
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inflammation in adipose, even after BM loss, are factors that may facilitate BM regain. It may be 

of interest to further investigate the extent to which altered diets influence adipose and systemic 

inflammation as these relate to the successful maintenance of BM following loss.   

 

1.1.10 Limitations and Future Directions 

 

The focus of this review was the evaluation of studies that perform intentional, controlled 

interventions to reduce BM and achieve BM cycling. We recognize that a significant body of 

literature exists from clinical data for T2DM patients in which collateral BM regain was due to 

unsuccessful maintenance regiments rather than an intentional BM regain. Thus, this review did 

not include or account for these studies. However, clinical studies of intentional BM regain are 

scarce and challenging especially in already compromised individuals because of ethical 

considerations. Therefore, further BM cycling studies in rodents, especially those that model 

metabolic defects in humans, will be of great importance for the advancement of the field. 

 

1.1.11 Concluding Remarks 

 

While the benefits of CR-induced BM loss are established in rodents and humans, the effects of 

BM regain and cycling are not well defined. Furthermore, biomarkers to predict the potential 

severity of the BM regain on health are lacking and inconsistent. From our review, we conclude 

that: (1) the CR benefits are proportional to the extent of the BM loss, especially in the form of FM, 

but can be abrogated by partial or complete BM regain, (2) multiple (>1) cycles of BM loss-regain 

are associated with worse metabolic outcomes, and (3) the metabolic adaptations related to BM 

cycling have a strong hormonal and pro-inflammatory component, especially adipokines, 

orexigenic hormones, and activated T-cells. A diagram summarizing the adaptations that lead to 

BM regain can be found in Figure 1. 
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Chapter 2.  Partial Body Mass Recovery after Caloric Restriction Abolishes Improved 

Glucose Tolerance in Obese, Insulin Resistant Rats 

 

2.1 Abstract 

 

Caloric restriction, among other behavioral interventions, has demonstrated benefits on improving 

glycemic control in obesity-associated diabetic subjects. However, an acute and severe intervention 

without proper maintenance could reverse the initial benefits, with additional metabolic 

derangements. To assess the effects of an acute caloric restriction in a metabolic syndrome model, 

a cohort of 15-week old Long Evans Tokushima Otsuka (LETO) and Otsuka Long Evans 

Tokushima Fatty (OLETF) rats were calorie restricted (CR: 50% × 10 days) with or without a 10-

day body mass (BM) recovery period, along with their respective ad libitum controls. An oral 

glucose tolerance test (oGTT) was performed after CR and BM recovery. Both strains had higher 

rates of mass gain during recovery vs. ad lib controls; however, the regain was partial (ca. 50% of 

ad lib controls) over the measurement period. Retroperitoneal and epididymal adipose masses 

decreased 30% (8.8 g, P < 0.001) in OLETF; however, this loss only accounted for 11.5% of the 

total BM loss. CR decreased blood glucose AUC 16% in LETO and 19% in OLETF, without 

significant decreases in insulin. Following CR, hepatic expression of the gluconeogenic enzyme, 

PEPCK, was reduced 55% in OLETF compared to LETO, and plasma triglycerides (TG) decreased 

86%. Acute CR induced improvements in glucose tolerance and TG suggestive of improvements 

in metabolism; however, partial recovery of BM following CR abolished the improvement in 

glucose tolerance. The present study highlights the importance of proper maintenance of BM after 

CR as only partial recovery of the lost BM reversed benefits of the initial mass loss. 

 

2.2 Introduction 

 

Obesity and its associated metabolic disorders are significant health problems that have sustained 

global attention and concern for over the past 3 decades, with an alarming, increasing trend (1, 2). 

Unfortunately, obesity is related to 300,000 deaths per year in the United States alone (3), most of 

them attributed to class II/III obesity (3.8% excess deaths for females, 2.5% males compared to a 

cohort with normal BMI) (4) and type 2 diabetes mellitus (T2DM) was the underlying cause of 

death of 75,486 adults in the U.S. in 2013 (5). The adult, obese U.S. population increased from 

30.5% in 1999 to 39.6% in 2016 (1). Excess body mass (BM) and obesity increase morbidity and 

mortality associated with numerous complications, including T2DM, dyslipidemia, hypertension, 

and atherosclerosis (6, 7). Behavioral interventions such as a low-carbohydrate diet (8), caloric 

restriction (CR) (9), vigorous physical activity (PA), or some combination (10) have demonstrated 

benefits for improving glycemic control and adiposity in obesity-associated diabetic subjects. 

However, rapid loss of BM can be associated with adipose mass regain and an increase of HOMA-

IR over time if vigorous PA or CR is not maintained (11). The detriments (increased adiposity, 

insulin resistance, adipokines, and triglycerides) observed following the regain of the lost BM is 

known as the “rebound effect” (11, 12). Furthermore, CR alone may be associated with increased 

loss of lean tissue (fat-free mass) and the associated water vs. adipose mass loss (70% of total mass 

loss derived from water and 5% from lean tissue, vs. 25% from adipose) (13), especially during 

prolonged semi-starvation conditions where lean tissue loss can account for up to 41% of the BM 

loss (14), which may minimize greater potential benefits. However, the metabolic adjustments 

associated with CR during metabolic syndrome and following a subsequent regain in BM are not 

well-elucidated.  
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Caloric restriction leads to glycogen depletion in muscle and liver, leading to increased lipolysis 

and formation of ketone bodies, while decreasing glucose output via inhibition of gluconeogenesis 

and glycogenolysis (15). However, increased utilization of lipids as a consequence of CR can lead 

to insulin resistance (IR) (16). 

 

Adipose tissue secretes many biologically active proteins including leptin and adiponectin (17). 

Decreased leptin during adipose mass loss can contribute to increased hunger, lower metabolic rate 

and mass regain (18). Conversely, increased leptin decreases insulin sensitivity, contributing to 

systemic hyperinsulinemia and T2DM (19). Adiponectin has protective effects against 

cardiovascular disease, is negatively correlated to triglyceride levels, is positively correlated to 

HDL levels (20), and enhances insulin action when administered to animals during conditions of 

increased fat oxidation (21).  

 

The goal of this study was to assess the benefits of acute CR on glycemic control and lipid 

metabolism in a model of metabolic syndrome and comparing these effects to those induced by 

subsequent regain in BM in the form of adipose tissue, or “rebound effect.” Previous studies found 

an increase in fatty acid synthesis and liver lipid accumulation to be principal consequences of the 

rebound effect after a moderate (30%) CR in OLETF (22), and increased leptin and peripheral 

glucose resistance after fat mass recovery following a 40–50% CR in obesity-prone Wistar rats 

(23). However, other aspects of this phenomenon are yet to be elucidated such as humoral factors 

driving the change in glucose tolerance, adiposity, and arterial pressure.  

 

The OLETF model resembles the pathological features of human metabolic syndrome including 

late onset hyperglycemia, mild obesity (24, 25), insulin resistance, hyperlipidemia, and 

hypertension (26–28). We hypothesized that: (1) CR will improve systemic insulin sensitivity and 

adipokine profile while decreasing hepatic gluconeogenesis and increasing lipolysis and NEFA 

uptake, and (2) mass recovery will reverse the improvements realized by CR-induced BM. 

 

2.3 Materials and Methods 

 

All experimental procedures were reviewed and approved by the institutional animal care and use 

committee of Kagawa Medical University (Kagawa, Japan). 

 

2.3.1 Animals 

 

Male, lean strain-control, Long Evans Tokushima Otsuka (LETO) (n = 29) and obese, insulin 

resistant Otsuka Long Evans Tokushima Fatty (OLETF) (n = 29) rats (Otsuka Pharmaceutical 

Co., Ltd., Tokushima, Japan) of 11 weeks of age were fed ad libitum with standard laboratory rat 

chow (MF; Oriental Yeast Corp., Tokyo, Japan) for 4 weeks. At 15 weeks, rats were randomly 

assigned to one of the following groups: (1) LETO ad libitum control for CR (n = 8), (2) LETO ad 

libitum control for partial recovery of BM (n = 7), (3) LETO with 50% caloric restriction (LETO 

CR) (n = 7), (4) LETO with 50% CR followed by ad libitum feeding, resulting in partial recovery 

of BM (LETO PR; 73% recovery of mass loss) (n = 7), (5) OLETF ad libitum control for CR (n = 

7), (6) OLETF ad libitum control for PR (n = 8), (7) OLETF 50% CR (n = 7), and (8) OLETF PR 

(n = 7; 59% recovery of mass loss) (Figure 2). Total mass recovery was not achieved purposefully 

to best assess the impacts of partial recovery. The LETO strain was restricted as well to be able to 

discriminate between physiological CR- driven changes and the changes related to metabolic 

syndrome, as well as to contrast with the baseline levels in the OLETF animals. All animals were 

maintained in groups of two animals per cage at the start of the study to minimize stress (29) and 



10 

 

 
 

one per cage during the CR phase. Ad libitum food intake per rat was calculated as the mean intake 

for double occupancy cages. Animals were maintained in a specific pathogen-free facility under 

controlled temperature (23◦C) and humidity (55%) with a 12-h light, 12-h dark cycle. All animals 

were given free access to water for the entire study. 

 

2.3.2 Blood Pressure 

 

Systolic blood pressure (SBP) was consistently measured in triplicate in conscious rats by tail-cuff 

plethysmography (BP98A; Softron Co., Tokyo, Japan) (n = 6/group) as previously described (26, 

30, 31). Rats were acclimated to the tube restraints prior to measurements. Measurements were 

taken after feeding once a week during the first 4 weeks of the study (LETO vs. OLETF before 

start of CR), every other day until 16 weeks for CR vs. control and 17 weeks for PR vs. control 

groups. Repeated measures with a percent coefficient of variability (CV) >15% were excluded. 

 

2.3.3 Body Mass (BM) and Food Intake 

 

BM and food intake were measured daily to calculate the appropriate amount of chow to be given 

to CR and PR groups. At 15 weeks, all groups except LETO and OLETF ad lib controls were given 

50% of mean food intake of control group for the next 10 days resulting in mean decreases in BM 

of 12 and 14% for LETO and OLETF, respectively. Immediately following this 10-day CR phase, 

a subset of the remaining animals (n = 7– 8) (from the CR cohorts) were fed ad libitum again for 1 

week, representing the PR phase. 

 

2.3.4 Oral Glucose Tolerance Test (oGTT) 

 

After the 10 days of CR, oGTTs were performed in half of the ad lib control groups (LETO and 

OLETF, n = 7/group) and in all the CR groups (LETO and OLETF, n = 7/group). oGTTs were 

performed in the remaining animals representing the PR groups 7 days later. oGTTs were 

performed as previously detailed in our hands (26). Briefly, a 2 g/kg glucose bolus was given by 

gavage to overnight-fasted (14+ h) rats. Blood was collected via the caudal vein before gavage and 

15, 30, 60, and 120 min after. Dissections Three days after oGTTs, animals were fasted overnight 

and tissues collected the subsequent morning. After BM measurements were obtained, animals 

were anesthetized with 100 mg/kg i.p. pentobarbital injection and arterial blood was collected via 

the abdominal aorta into chilled vials containing a cocktail of 50 mmol/L EDTA, 5000 KIU 

aprotinin, and 0.1 mmol sitagliptin phosphate (DPP4 inhibitor). Vials were kept on ice until they 

could be centrifuged. Systemic perfusion with chilled PBS was performed via the same artery with 

an incision in the inferior vena cava as the exit point and proceeded until no blood was present. 

Thereafter, organs and fat depots were rapidly removed, weighed, and snap frozen in liquid 

nitrogen. Frozen samples were kept at −80◦C until analyzed. Blood samples were centrifuged 

(3,000 g, 15 min at 4◦C), and the plasma was transferred to cryo-vials and immediately stored at 

−80◦C.  

 

2.3.5 Biochemical Analyses 

 

Plasma triglycerides (TG) was measured using a Hitachi 7020 chemistry analyzer (Diamond 

Diagnostics, Massachusetts, USA), and total protein content was measured by the Bradford assay 

(Bio-Rad Laboratories, CA, USA). Plasma and liver nonesterified fatty acids (NEFA), and liver 

diacylglycerol (DAG) were measured using commercially available kits (Wako, Osaka, Japan; 

MyBioSource, San Diego, USA). Hepatic NEFA and DAG measurements were performed 
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following whole lipid extraction from an aliquot of liver (20–30 mg) by the method described 

previously (32) and later modified (18). Lipase activity was measured in plasma as previously 

described (33). Plasma insulin (Wako, Osaka, Japan), total GLP-1 (Millipore, Burlington, USA), 

plasma aldosterone, and serum leptin and adiponectin (R&D Systems, Minneapolis, USA) were 

measured using commercially available ELISA kits (34, 35). All samples were analyzed in 

duplicate and run in a single assay with intra-assay and percent CV of <10% for all assays. Amino 

acids were measured by GCTOF MS (West Coast Metabolomic Center, University of California 

Davis, CA, USA). Creatinine and urea were measured by colorimetric method (QuantiChrom, 

Bioassay Systems, CA, USA) to better assess changes in lean mass [i.e., catabolism; (8)]. Serum 

electrolytes were measured by ISE (EasyLyte, MA, USA). 

 

2.3.6 Protein Expression by Western Blot 

 

Frozen kidney cortex was homogenized in 200 µl RIPA buffer (Thermo Fisher Scientific, NY, 

USA) and frozen liver was homogenized in either 200 µl RIPA (for G6Pc) or 150 µl STM buffer 

(250 mM sucrose, 50 mM Tris–HCl pH 7.4, and 5 mM MgCl2) containing 1% protease and 3% 

phosphatase inhibitor cocktail (Sigma-Aldrich, St. Louis, USA). Tissue homogenate was then 

sonicated for 20 s, centrifuged (15,120 g × 15 min for kidney and 800 g × 15 min for liver), and 

the supernatant total protein content was measured by the Bradford assay (Bio-Rad Laboratories, 

Hercules, CA). Predetermined amounts of total protein (TP) for kidney (40 µg) and liver 

homogenate (20 µg) were resolved in a 10% Tris-HCl SDS gel. Proteins were electroblotted using 

the BioRad Trans Blot onto a 0.45µm Inmovilon-FL polyvinylidene difluoride (PVDF) membrane 

for 2 h at 100 V. Membranes were blocked with 25% Odissey Blocking Buffer (PBS) and incubated 

16 h at 4◦C with primary antibody against SGLT2 (1:200 dilution), PEPCK-C (1:200 dilution), 

G6Pc (1:500 dilution) (Santa Cruz Biotechnology, Dallas, USA). Membranes were washed with 

TBS 1% Tween-20 and incubated for 1 h with a secondary antibody (LI-COR Biosciences, Lincoln, 

USA) diluted 1:10,000, rewashed and visualized using a Li-Cor Odissey Imaging System. 

Densitometry values were quantified by ImageJ. software (NIH) and further normalized by 

correcting for densitometry values of a representative protein band stained with Ponceau S. Results 

are reported as percentage of expression compared to LETO baseline (CR control) unless stated 

otherwise. 

 

2.3.7 Statistics 

 

Means (±SE) were compared by two-way ANOVA for strain x treatment and interaction, with the 

Holm-Sidak method for post-hoc multiple comparison after excluding outliers by extreme 

studentized deviate test with α = 0.05. Level of significance is considered for age-paired groups 

only, except for CR vs. PR. Glucose tolerance was assessed by comparing mean AUC values 

obtained from the glucose profiles during the oGTT. The AUC values were also compared by 

twoway ANOVA. SBP measurements were compared per day by one-way (before CR) or two-way 

(during CR and PR) ANOVA. Mass increment and food intake per day were also compared by one-

way ANOVA before intervention and two-way ANOVA during CR and PR. Repeated measures 

ANOVA was performed in glucose and insulin data, but avoided for SBP analysis as samples were 

randomized and measures with >15% CV were excluded. Relationships between dependent and 

independent variables were evaluated by simple regression (except for insulin and DAG analysis, 

where a 4th order regression and power regression were used, respectively). Correlations were 

evaluated using Pearson correlation coefficients. Means, regression, and correlations were 

considered significantly different at P < 0.05. Statistical analyses were performed with SigmaPlot 

12.5 software (Systat Software Inc., San Jose, CA).  
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2.4. Results 

 

2.4.1 Increased ad lib Refeeding After CR Increases the Rate of Mass Gain 

 

Slope analysis was performed to better appreciate the impacts of the treatments (CR and PR) on 

the changes in BM (Figure 3). Mean mass increment per day decreased in LETO ad lib control 

from 3.0 ± 0.4.g/day (r 2 = 1) before CR to 0.4 ± 1.4 g/day (r 2 = 0.63; P < 0.001) during recovery 

period, and decreased from 4.7 ± 0.5 (r 2 = 1) to 1.2 ± 1.3 g/day (r 2 = 0.55; P < 0.001) in OLETF. 

Mean mass decrease during CR was −4.8 ± 1.3 g/day (r 2 = 0.96) and −7.1 ± 2.1 g/day (r 2 = 0.93) 

for LETO and OLETF, respectively (P = 0.392 LETO vs. OLETF). During partial recovery, mean 

mass increase was 5.6 ± 4.3 g/day (r 2 = 0.73) for LETO and 6.9 ± 4.9 g/day (r 2 = 0.75) for OLETF 

(P = 0.847 LETO vs. OLETF). During the regain phase, animals in both strains regained ∼50% of 

the lost BM in 7 days, and the rates of regain were not different between the two strains, despite ad 

lib food intake increase in LETO during PR, compared to before CR (19.6 ± 0.6 vs. 23.7 ± 1.1 

g/day; P = 0.004 in LETO and 24.4 ± 1.8 vs. 29.0 ± 2.0 g/day; P = 0.100 in OLETF). 

 

2.4.2 CR Decreased Fat Depots, but Did Not Increase With Partial Recovery 

 

The principal intraperitoneal fat depots were measured to better ascertain the degree to which the 

treatments (CR and PR) altered adiposity. Mean retroperitoneal adipose mass decreased after CR 

in both strains; by half in LETO (P = 0.037) and by 32% in OLETF (P < 0.001; Figure 4A). 

Retroperitoneal mass did not significantly increase after PR in OLETF (17% above CR; P = 0.121), 

but recovered to basal levels in LETO (10% below CR Control; P = 0.841; Figure 4A). In LETO, 

mean epididymal fat mass remained unchanged after CR (P = 0.999) and did not significantly 

increase with PR (25%: P = 0.751). Conversely, in OLETF, epididymal fat decreased 27% (P = 

0.009) after CR and remained reduced after PR (23% below PR Control; P = 0.018; Figure 4B). 

Similar changes were observed after calculating the relative masses (Table 1). There were no 

significant changes in the relative masses of heart, kidney or liver in any of the strains following 

CR (Table 1). However, there was an increase in plasma amino acids independent of decreased 

protein intake during CR suggesting that lean tissue catabolism was primarily from skeletal muscle 

(Table 2). 

 

2.4.3 CR Did Not Ameliorate the Increase in SBP Associated With the Metabolic Syndrome 

in OLETF 

 

Mean SBP for both LETO and OLETF was similar before CR (129 ± 4 vs. 126 ± 4 mmHg; P = 

0.631, respectively). SBP increased in OLETF compared to LETO 2 days after starting CR (121 ± 

2 vs. 146 ± 3 mmHg; P < 0.001), and this difference was maintained through the rest of the study. 

However, there was not a significant difference between control groups and CR or PR in either of 

the strains, with the exception for LETO Control vs. CR at the end of the CR period (124 ± 4 vs. 

137 ± 3 mmHg; P = 0.026, respectively; Figure 5). Serum Na+ and Cl− were unaltered between 

strains or after CR; however, K+ was 30% higher (P = 0.045) in OLETF PR control (7.9 ± 0.2 

mmol/L) compared to LETO (6.1 ± 0.3 mmol/L). Basal serum aldosterone was 2-fold higher (P = 

0.024) in OLETF compared to LETO (10.4 ± 2.6 vs. 4.8 ± 0.9 mmol/L × 10−9 ). However, CR did 

not change aldosterone concentration in any of the strains. 

 

2.4.5. CR Improves Glucose Tolerance and Insulin Resistance, but PR Completely Negates 

These Improvements 
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Glucose tolerance tests with corresponding insulin measurements and subsequent insulin resistance 

index (IRI) calculations were performed to quantify the functional metabolic effects of the 

treatment-induced alterations in BM (IRI = Glucose AUC × Insulin AUC/100). Mean blood glucose 

AUC was 2.4-fold higher in OLETF compared to LETO at baseline (P < 0.001). OLETF had a 

more pronounced decrease in glucose (19%, P = 0.010) compared to a non-significant decrease in 

LETO (16%, P = 0.758) after CR. However, LETO mean AUC increased 7% above control (P = 

0.948), while OLETF maintained 5% below control after PR (P = 0.827), with a minimal 1% 

reduction vs. CR (P = 0.882). Blood glucose concentration peaked at 60 min for OLETF and 15 

min for LETO after CR, and peaked at 30 min in OLETF after the recovery period (Figures 6A, 

B). 

 

Mean plasma insulin AUC was 8% higher in LETO at 16 weeks, but 35% higher (P = 0.035) in 

OLETF at 17 weeks. Mean plasma insulin in LETO was lower, and higher in OLETF, for PR Ctrl 

compared to CR control, however this differences were non-significant and could be attributed to 

intra-subject variability rather than age effect. Plasma insulin AUC had a nonsignificant decrease 

in both strains after CR (25% in LETO and 31% in OLETF). Plasma insulin concentration peaked 

at 15 min for all groups except for OLETF CR, which peaked at 30 min (Figures 6C,D). Mean 

baseline IRI was 128% higher in OLETF compared to LETO (P < 0.001), and decreased 44% (P = 

0.015) in OLETF after CR. However, IRI returned to baseline levels after PR (Figure 6E). It is 

important to consider that glucose AUC influenced the IRI calculations more profoundly than the 

insulin AUC, suggesting that impaired glucose handling/metabolism (most likely at the cellular 

level) is the primary factor contributing to the metabolic derangement associated with the condition 

as opposed to impaired glucose-stimulated insulin secretion (i.e., insulin response) in untreated 

OLETF. 

 

2.4.6 Basal Expression of Gluconeogenic Enzymes Is Higher in OLETF 

 

To further help elucidate potential mechanisms that contribute to the changes in glucose tolerance 

induced by the treatments, the protein expressions of hepatic PEPCK and G6Pc were quantified as 

markers of hepatic gluconeogenesis. Decrease in expression of these enzymes after CR was not 

significant; however, basal expression of cytosolic phosphoenolpyruvate carboxykinase (PEPCK-

C) in OLETF was 113% higher than LETO (P = 0.007; Figure 7A) and mean basal expression of 

the downstream gluconeogenic enzyme, glucose-6- phosphatase (G6Pc) was 4.6-fold higher (P < 

0.001) in OLETF control compared to LETO control (Figure 7B). CR and PR had no detectable 

effects on protein expressions of either enzyme. 

 

2.4.7 Kidney SGLT2 Expression Increases in OLETF With Partial Recovery of BM 

 

Given the benefits of CR on glucose tolerance and IRI, kidney SGLT2 was measured to assess the 

potential of its contribution to the improvements in glucose metabolism. CR did not significantly 

change the mean relative expression of SGLT2 in either strain (Figure 7C). Regardless of the 

treatment, the expression remained relatively constant in LETO. However, there was a significant 

increase in OLETF PR control compared to OLETF CR control (183 vs. 97%; P = 0.015) and 

LETO PR control (98%; P = 0.006), which likely reflects the progression of the metabolic 

syndrome in this strain (Figure 7C). 

 

2.4.8 The CR-Induced Decrease in Adipose in OLETF Is Associated With a Concomitant 

Decrease in Serum Leptin and Increased Adiponectin After PR 
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Given the changes in the principal i.p. adipose depots with the treatments, the adipose-derived 

hormones, leptin and adiponectin, were measured to gain insights on the sensitivity of adipose to 

the treatment’s effects and their potential to contribute to the metabolic effects observed. Mean 

serum leptin was higher in OLETF control (P = 0.038) than LETO control, representative of the 

increased adiposity associated with the model, and decreased 3.1-fold after CR without reaching 

significance (CR Control: 3.9 ± 0.3 vs. CR: 1.3 ± 0.1 mmol/L; P = 0.177). However, in OLETF 

mean serum leptin was maintained below control after partial recovery (PR Control: 8.2 ± 2.4 vs. 

PR: 4.5 ± 0.6 mmol/L; P = 0.028; Figure 8A). Regardless of treatment, plasma leptin remained 

constant in LETO throughout the study. Serum adiponectin remained unchanged in both strains at 

baseline and after CR, but increased 61% (P < 0.001) after PR in LETO and 18% (P = 0.05) in 

OLETF (Figure 8B). Baseline leptin: adiponectin ratio was 3-fold higher in OLETF vs. LETO; 

however, the ratio decreased 2-fold in LETO and 3-fold in OLETF (P < 0.001) after CR (Figure 

8C). 

 

2.4.9 Strain-Effect on Plasma GLP-1 Remains Despite CR 

 

Mean plasma GLP-1 concentrations were greater in OLETF compared to LETO at baseline and 

following CR (P < 0.05), despite substantial, however non-significant decreases in both strains with 

CR (Figure 8D). Significant differences in mean GLP-1 concentrations following PR were not 

detected. The reduction of circulating GLP-1 in OLETF after CR and the greater basal levers in 

OLETF compared to LETO suggests that, although GLP-1 improves glucose tolerance by 

augmenting peripheral insulin action (16, 36), it may not be a key factor in improving glucose 

tolerance in this study. 

 

2.4.10 CR-Induced Decrease in Plasma TG Is Abolished With PR 

 

Mean plasma TGs were nearly 2-fold (P < 0.05) greater in OLETF compared to LETO at baseline, 

and levels decreased (P < 0.001) 86% in OLETF with CR compared to control (Figure 9A). After 

PR, levels in OLETF returned to baseline concentrations (P = 0.941; Figure 8A). Liver TGs were 

higher in OLETF compared to LETO throughout the study, but hepatic levels were not altered by 

either treatment in OLETF (Figure 9B). In LETO, liver TGs were lower (P = 0.002) in PR controls 

than CR controls, which maybe a reflection of a time (age effect), and levels were not significantly 

altered with either treatment (Figure 9B). Plasma NEFA concentration were higher in OLETF 

following PR compared to the levels following CR (P = 0.002; Figure 9C). Otherwise, plasma 

NEFA levels remained constant in LETO regardless of treatment. CR did not induce a significant 

effect in either strain on hepatic NEFA concentrations, but because levels remained constant in 

OLETF and decreased in LETO, a strain effect (P < 0.05) was detected during the PR phase (Figure 

9D). Mean plasma lipase activity was nearly 3-fold higher (P = 0.003) in OLETF at baseline, but 

otherwise levels were stable within strain and were not altered by treatment (Figure 9E). CR did 

not alter mean hepatic diacylglycerol (DAG) content in either strain, but levels remained higher (P 

= 0.009) in LETO than OLETF (Figure 9F). PR had no effect on levels in in either strain, but were 

reduced (P < 0.05) in both control and PR LETO compared to values following CR (Figure 9F). 

The lack of DAG accumulation in liver, particularly in OLETF after CR, suggests that lipolysis of 

TGs remained static. This is particularly beneficial as hepatic DAG accumulation is associated with 

increased insulin resistance more so than NEFA accumulation (37, 38). 
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2.4.11 CR Increased Relative Plasma Creatinine in LETO, but Not in OLETF, While It 

Decreased Urea in OLETF 

 

Mean relative plasma creatinine in LETO increased 75% (P < 0.001) after CR compared to control, 

but the effect of PR was not significant. Treatment effects in OLETF were not detected for 

creatinine, but plasma urea decreased 46% (P < 0.001), and by consequence urea: creatinine ratio 

(49%, P = 0.016), after CR, returning to basal levels after PR compared to PR control. Mean relative 

plasma urea did not exhibit a treatment effect in LETO (Table 2). We hypothesized that the transient 

decrease urea in the OLETF without increase in creatinine concentration can be attributed to protein 

depletion (39) rather than diabetic nephropathy, as the latter develops later in the OLETF (34). 

 

2.5 Discussion 

 

Caloric restriction ameliorates metabolic syndrome in obese individuals (40), even in the presence 

of T2DM (13, 41). However, only a few studies have demonstrated the consequences of 

interrupting caloric restriction (42) without providing sufficient insight on the molecular 

mechanisms involved. The aim of this study was to provide further insights into how CR 

ameliorates metabolic syndrome, and how recovery of BM due to CR interruption abolishes these 

benefits. 

 

2.5.1 Caloric Restriction Promotes Loss of Lean Tissue and Water Rather Than Adipose 

 

BM gain and food intake were consistently higher in OLETF compared to LETO, which is 

consistent for this model of diet induced obesity (24, 25). The acute phase of severe CR resulted in 

nearly a 30% greater rate of mass loss in OLETF compared to LETO yet the loss of epididymal 

and retroperitoneal mass accounted for only about 5% of the total mass loss in OLETF suggesting 

that there was significant loss of lean tissue and the associated water. The loss of the primary 

adipose depots in the relatively lean LETO accounted for closer to 10% of the total BM loss 

suggesting that acute, severe CR in the healthier strain was less detrimental with respect to 

preserving lean tissue and total body water. Thus, these data suggest that during a diabetic condition 

that presents with metabolic syndrome, acute, severe CR may result in a disproportionate loss of 

lean tissue and water over the desired effect of preferential loss of excess fat mass (43). The loss of 

intracellular water derived from muscle catabolism may be a significant contribution to the total 

BM loss as has been observed in malnourished populations (44). In perspective, an extended bout 

of CR during a condition of metabolic syndrome has the potential to induce more severe cachexia 

and loss of total body water although the benefit of improved glucose tolerance could still be 

present. Thus, an appropriate balance between benefits in glucose tolerance and perseverance of 

lean tissue would need to be struck if this degree of CR was to be implemented as a treatment 

modality.  

 

For both strains, the rate of mass recovery was greater than the normal growth rate for ad libitum 

control rats suggesting that the CR animals compensated for the rapid loss of mass by 

disproportionately increasing their food intake during the PR phase. This PR phase may have been 

associated with a decrease in basal metabolism to facilitate the rapid mass gain (45), consistent 

with lower BM (i.e., lower caloric balance) without obvious change in physical activity, which 

further widens the energy gap (energy intake vs. expenditure) (46). Interestingly, although mass 

loss and regain trends were similar for both strains, only OLETF rats had significant fat mass loss, 

which was not completely recovered after the PR phase. These observations suggest that the 
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recovery of BM, most likely lean tissue, is prioritized in diabetic OLETF animals, more so than in 

lean, LETO. 

 

2.5.2 Caloric Restriction Did Not Ameliorate the Elevated SBP Despite Reductions in Adipose 

Mass 

 

Differences in SBP between strains were detected 2 days after starting the caloric restriction (at 15 

weeks) consistent with the hypertension in OLETF at 14 weeks (47). Obesity, especially visceral 

adiposity, is a known independent risk factor for hypertension, although several studies suggest 

that insulin sensitization induced by CR are also associated with a decrease in SBP (48). Even a 

modest decrease in BM (5– 10%) can normalize blood pressure in obese patients (10). Metformin-

induced increase in glucose tolerance elicited a BM-independent reduction in SBP of more than 10 

mmHg in hypertensive OLETF rats (49) suggesting that an improvement in glucose tolerance may 

alter arterial pressure independent of reducing BM. Despite the profound reductions in adiposity 

and improvements in glucose tolerance in OLETF, these benefits did not translate into sustained or 

modest reductions in SBP. However, the reductions in SBP with metformin not observed here with 

CR may reflect off-target effects of metformin (i.e., pharmaceutical vs. behavioral interventions). 

Paradoxically, CR increased SBP in LETOs, which was normalized to control LETO levels after 

partial mass recovery suggesting that during nondiabetic conditions, potential stress, independent 

of the reninangiotensin-aldosterone system (RAAS), during CR may have been sufficient to induce 

an increase in SBP.  

 

The exact mechanisms promoting the strain-associated hypertension are not well-defined in 

OLETF; however, elevated RAAS is a likely contributing factor (26, 28, 50). The nearly 2-fold 

greater plasma aldosterone levels at baseline in OLETF compared to LETO substantiate the 

previous studies that increased RAAS is a contributing factor in the strain-associated hypertension. 

However, in the present study, the substantial reductions in BM with CR and the reciprocal 

increases in BM in the regain (PR) phase did not alter SBP or plasma aldosterone despite 

improvements in glucose tolerance suggesting that the benefits of acute, severe CR do not translate 

into amelioration of the hypertension and that the elevated RAAS is resistant to changes in BM 

and/or adiposity. 

 

2.5.3 SGLT2 Expression Is Sensitive to Perturbations During Metabolic Syndrome 

 

In order to assess the contributions of renal glucose absorption via SGLT2, its expression was 

measured. The lack of changes in SGLT2 expression in LETO regardless of perturbation suggests 

that renal glucose handling in healthy animals is constant and robustly regulated. However, the 

changes in expression in OLETF following the perturbations suggest that the regulation of SGLT2 

expression is more sensitive to variable aspects associated with mass loss and regain during diabetic 

conditions. Nonetheless, these differences in expression were not significant nor translate into 

robust biological effects.  

 

Aside from the potential contributions of renal glucose handling, we can’t discount the potential 

contributions of intestinal reabsorption on improving glucose tolerance. Unfortunately, we were 

not able to measure SLGT1 and GLUT2, the primary monosaccharide transporters in the intestine. 

However, these transporters are upregulated after feeding, especially after a glucose challenge (51). 

Therefore, we suspect they would be downregulated with CR and, at least, partially rebound during 

the regain phase. 
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2.5.4 Despite Basal Differences in Gluconeogenic Enzymes, CR, and PR Did Not Induce 

Changes in Gluconeogenesis 

 

Binding of insulin to its hepatic receptor activates a signaling cascade that inhibits the expression 

of the gluconeogenic enzymes, G6Pc, and PEPCK, in favor of increasing glucokinase expression 

and hepatic sequestration of glucose (52). However, the increased expression of the basal levels of 

both enzymes in the OLETF compared to LETO rats in the presence of similar insulin levels for 

both strains suggests that the liver is resistant to insulin. Moreover, the increased levels of basal 

glucose in the OLETF rats without significant changes in the potential for increased kidney glucose 

reabsorption (assessed via SGLT2) suggests that hepatic glucose production could be a major 

contributor in the systemic hyperglycemia during diabetic conditions that is not profoundly altered 

with CR nor PR. This is especially alarming if severe CR fails to suppress the relatively elevated 

expression of hepatic gluconeogenesis, even in the presence of a potential increase in insulin-

stimulated glucose uptake in muscle via Akt2 activation after acute (53) and prolonged (54) CR. 

The combination of these factors could impair further potential benefits of CR, reflected by an 

improvement in IRI in the present study. 

 

2.5.5 Increased Adiponectin May Contribute to Amelioration of Peripheral IR 

 

CR did not statistically alter adiponectin, an insulin-sensitizing adipokine (55), but levels increased 

after partial recovery in both strains. Moreover, leptin and leptin: adiponectin ratio decreased after 

CR, while leptin remained below basal levels after PR. These data suggest that the modest increase 

in adiponectin, however statistically insignificant, in the presence of suppressed leptin, reflected in 

the decreased leptin: adiponectin ratio, may be a more critical marker of the potential insulin 

sensitizing phenomenon in peripheral tissues than the changes in adiponectin levels alone following 

a bout of CR. Moreover, the decrease in leptin paired with loss of adipose tissue after CR in OLETF 

suggests that the hyperleptinemia present in the OLETF is a consequence of greater adipose mass 

rather than a derangement in leptin sensitivity and/or secretion (56). The increase in adiponectin 

following PR may be a compensatory response to protect against leptin-induced inflammation (19). 

Interestingly, this increase in adiponectin following PR was not sufficient to maintain the 

improvements in glucose tolerance because only partial recovery of the lost BM induced by CR 

was enough to abolish them. Thus, other aspects associated with the partial recovery of BM, which 

was not primarily adipose, contributed to the reversal of the CR-induced benefits on glucose 

tolerance. 

 

2.5.6 Few Metabolic Improvements Are Maintained After Only Partial Recovery of BM in a 

Model of Metabolic Syndrome 

 

Acute CR improved glucose tolerance and reduced IRI in a model of metabolic syndrome likely 

through a reduction in hepatic gluconeogenesis, increased peripheral tissue glucose utilization 

induced via enhanced insulin sensitization, and increased NEFA uptake most likely by muscle. 

These improvements were accomplished despite minimal reductions in intraperitoneal adipose 

mass and significant reductions in lean tissue. Upon partial recovery of BM, the only metabolic 

change of note that we observed with some potential benefit was increased adiponectin; however, 

this change was not sufficient to maintain the benefit in glucose tolerance and reduced IRI despite 

only modest recovery in adipose mass suggesting that the very modest changes in adipose mass 

likely had minimal effects on the observed metabolic alterations.  
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Chapter 3 Mass Recovery following Caloric Restriction Reverses Lipolysis and Proteolysis, 

but not Gluconeogenesis, in Insulin Resistant OLETF Rats 

 

3.1 Abstract 

Caloric restriction (CR) is one of the most important behavioral interventions to reduce excessive 

abdominal adiposity, which is a risk factor for the development of insulin resistance. Previous 

metabolomics studies have characterized substrate metabolism during healthy conditions; however, 

the effects of CR and subsequent mass recovery on shifts in substrate metabolism during insulin 

resistance (IR) have not been widely investigated. To assess the effects of acute CR and the 

subsequent mass recovery on shifts in substrate metabolism, a cohort of 15-week old Long Evans 

Tokushima Otsuka (LETO) and Otsuka Long Evans Tokushima Fatty (OLETF) rats were calorie 

restricted (CR: 50% × 10 days) with or without partial body mass recovery (PR; 73% x 7 days), 

along with their respective ad libitum controls. End-of-study plasma samples were analyzed for 

primary carbon metabolites by gas chromatography (GC) time-of-flight (TOF) mass spectrometry 

(MS) data acquisition. Data analysis included PCA, Pearson correlation vs previously reported 

variables (adipose and body masses, and insulin resistance index, IRI), and metabolomics maps 

(MetaMapp) generated for the most significant group comparisons. All treatments elicited a 

significant group differentiation in at least one principal component. CR improved TCA cycle in 

OLETF, and increased lipolysis and proteolysis. These changes were reversed after PR except for 

gluconeogenesis. Plasma lipid concentrations were inversely correlated to IRI in LETO, but not 

OLETF. These shifts in substrate metabolism suggest that the CR-induced decreases in adipose 

may not be sufficient to more permanently alter substrate metabolism to improve IR status during 

metabolic syndrome.  

3.2 Introduction 

Abdominal adiposity, concomitant with increased plasma leptin and branched chain amino acids 

(BCAA), and lower adiponectin, are risk factors for insulin resistance (IR) independent of higher 

protein intake and body mass index (BMI) [1, 2]. Also, obesity leads to excessive β-oxidation (e.g. 

mitochondrial overload) in skeletal muscle concomitant with decreased fatty acid oxidation in liver, 

which in turn may be responsible for muscle insulin resistance [3]. Excessive β-oxidation is also 

associated with an increase of glucose-6-phosphate dehydrogenase (G6PD), the rate limiting 

enzyme in the pentose phosphate pathway (PPP), which in turn increases circulating triglyceride 

(TG), non-esterified fatty acids (NEFA), and pro inflammatory cytokines [4]. Moreover, increased 

BCAA, and glucuronic and hexuronic acids are correlated with the progression of type 2 diabetes 

mellitus (T2DM) in rats [5]. 

Caloric restriction (CR), especially when associated with a decrease in carbohydrate intake [6, 7], 

is an important behavioral intervention to reduce excess adipose mass [8]. In healthy mice, short 

term CR (30% for 16 days) increased the hepatic glycogenic amino acid, valine (a BCAA), and 

lean tissue turnover, and decreased fasting glucose and VLDL [9]. In healthy humans, acute, severe 

CR (90%, 48 hrs) decreased glucose and pyruvate, and increased glucogenic amino acids, ketone 

bodies, and lipolysis products, but these changes were reversed after a 48-h ad libitum refeeding 

[10] demonstrating the shifts in critical metabolic pathways to acute alterations in caloric intake. In 

elderly patients, enteral refeeding after 10 days of food deprivation resulted in a decrease in 

acylcarnitines concomitant with an increase of free amino acids and higher urea cycle activity [11]. 

However, to the best of our knowledge there is still little information on the shifts in biochemical 

processes (assessed via metabolomics) in response to CR and the subsequent mass recovery from 

refeeding during metabolic syndrome.  
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The OLETF rat develops early onset hyperglycemia, obesity, insulin resistance, hyperlipidemia, 

and hypertension, all components of the metabolic syndrome [12-15]. Moreover, OLETF rats 

develop an age-associated reduction in hepatic beta-hydroxyacyl-coA dehydrogenase (β-HAD) and 

citrate synthase, which are rate limiting steps of β-oxidation and tricarboxylic acid cycle (TCA) 

cycle, respectively [16]. In addition, OLETF rats present with lower plasma levels of tryptophan 

and its metabolite, kynurenine, compared with their healthy, lean strain control Long-Evans 

Tokushima Otsuka (LETO). These variables may be predictive markers for the development of 

T2DM [17]. We hypothesized that reducing abdominal adiposity (i.e. visceral adipose) during 

metabolic syndrome via an acute CR without a modification in the macronutrient proportion, 

reduces gluconeogenesis, the pentose phosphate pathway (PPP), and plasma BCAA concentrations, 

with the advantage of increasing the rate of TCA cycle, lipolysis, and β-oxidation, without 

compromising lean tissue catabolism (lean tissue proteolysis). However, based on our previous 

results, we also hypothesized that partial recovery of body mass, even without full adipose 

recovery, is sufficient to fully revert these changes.  

3.3 Method 

Details of the current study have been published previously [18] and summarized in Figure 10. 

The current study complements the previous data by using metabolomics approaches to examine 

the shifts in metabolism associated with changes in body mass induced by CR and refeeding. The 

study was approved by IACUC of Kagawa Medical University.  

3.3.1 Caloric Restriction (CR) and Partial Recovery (PR) 

Briefly, lean strain control LETO (n=29) and obese, insulin resistant OLETF rats (n=29) were fed 

ad libitum with standard laboratory rat chow (MF; Oriental Yeast Corp., Tokyo, Japan) for 4 weeks. 

At 15 weeks of age, rats were separated in two ad libitum food control groups (n=8/group/strain), 

two CR groups (n=7/group/strain), and two partial recovery (PR) groups (n=7/group/strain). Both 

CR and PR groups were subjected to 50% CR (compared to ad libitum control) for 10 days. CR 

groups were subjected to an oral glucose tolerance test (oGTT) and dissected three days later along 

with their respective ad libitum controls (CR Ctrl, n=8/group/strain). Meanwhile, PR groups were 

fed ad libitum for 7 days, achieving partial body mass recovery (73% recovery of mass loss) before 

an oGTT and dissection paired with their PR control groups (n=7/group/strain). Both CR and PR 

control groups were fed ad libitum for the entire study. However, they were considered independent 

groups to avoid the confounding factor of age as they were dissected 1 week apart; however, no 

significant differences were detected between CR and PR control groups despite the slight 

difference in age suggesting that age was not a confounding factor here. Animals were maintained 

in a specific pathogen-free facility under controlled temperature (23◦C) and humidity (55%) with 

a 12-h light, 12-h dark cycle. All animals were given free access to water for the entire study. 

3.3.2 Oral Glucose Tolerance Test (oGTT)  

Oral glucose tolerance tests (oGTT) were performed as previously reported [18] and insulin 

resistance index (IRI) was calculated as previously described [13] and reported [18]. Data were 

used here to correlate the shifts in metabolites with IRI. 

3.3.3 Blood Sample and Tissue Collection 

Details of blood sample and tissue collections have been previously reported [18]. Briefly, animals 

were anesthetized after an overnight fasting with a 100 mg/kg i.p. pentobarbital injection and 

retroperitoneal and epididymal fat depots were dissected, weighed, and collected for other analyses. 

Arterial blood was collected via the abdominal aorta into chilled vials containing a cocktail of 50 
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mmol/L EDTA, 5000 KIU aprotinin, and 0.1 mmol sitagliptin phosphate (DPP4 inhibitor).  Blood 

samples were centrifuged (3,000 g, 15min at 4°C), and the plasma was transferred to cryo-vials and 

immediately stored at −80°C. Aliquots of plasma (n=5 per group/strain) were analyzed for primary 

carbon metabolites by gas chromatography (GC) time-of-flight (TOF) mass spectrometry (MS) 

data acquisition and processing at the West Coast Metabolomics Center as previously described 

[19], generating a dataset of 143 consistently identified metabolites.  

3.4 Data Analysis 

3.4.1 Data Normalization and Transformation 

Data were reported as quantitative ion peak heights and were normalized by the sum peak height 

of all structurally annotated compounds (mTIC normalization) [20]. Transformations were done 

using Johnson’s family of transformation, depending on data normality, as described in other 

studies [21]. Student’s t-test was performed in 10 previously selected pairwise comparisons (Table 

3) and Benjamini-Hochberg False Discovery Rate (FDR) correction [22] q values were calculated 

for each metabolite per comparison.  

3.4.2 Metabolic Mapping 

Fold changes were calculated as mean condition B / mean condition A, after mTIC normalization. 

The conditions are described in Table 3. Metabolic maps were plotted per comparison only for 

metabolites with p<0.05 after Student’s t-test using MetaMapp [23] and visualized in Cytoscape 

3.7.1 with organic layout. Nodes with significant difference after FDR correction (q<0.2) were 

highlighted for fold-change and direction of change. Metabolites were classified into either primary 

or secondary metabolism pathways based on their entry on the Kyoto Encyclopedia of Genes and 

Genomes (KEGG) database [24], where secondary metabolism encompasses either cofactor, 

vitamin or xenobiotic metabolism. The maps with the most significant differences are shown in 

Figure 11 and further discussed.  

3.4.3 Correlations with Body Mass, Insulin Resistance Index, and Adipose Depots 

Pearson correlations were calculated for parameters previously reported [18]. Johnson transformed 

body mass, IRI, and retroperitoneal and epididymal adipose masses were treated as independent 

variables and Johnson transformed metabolites were treated as dependent variables. Correlations 

were considered strong at r<-0.8 or r>0.8 and q<0.2. Statistical analyses were performed in JMP 

pro (version 14, SAS Institute Inc., Cary, NC, USA). 

3.4.4 Partial Least Squares-Discriminant Analysis (PLS-DA) and Principal Component 

Analysis (PCA)  

PLS-DA was run on all metabolites for all 10 comparisons (Table 3) by nonlinear iterative partial 

least squares (NIPALS), with leave-one-out validation, four (n-1) factors and variable importance 

in the projection (VIP) score threshold (alpha) of 0.1. The metabolites above the threshold were 

used further for PCA for correlation analyses. The scripts showing the metabolites considered for 

each PCA analysis can be found in the online repository. The rationale behind using PCA after 

PLS-DA was to avoid the increased group separation due to artifacts inherent to PLS-DA, and 

instead visually reflect the variability that distinguishes the groups [25]. For each PCA, mean of 

scores for PC1 and PC2, and standard deviations were calculated, and a t-test performed for both 

PC for significant difference (P<0.05) (Table 4). For each comparison, the metabolites with the 

five highest positive and 5 highest negative loadings are shown in Table 5. 
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3.4.5 Availability of Data and Material 

The datasets generated for this study are available on request to the corresponding author. Raw and 

normalized metabolomics files can be found in the following repository:  
https://doi.org/10.6084/m9.figshare.12831005 

3.5 Results 

3.5.1 Ad libitum fed OLETF rats had lower glycolysis and TCA variables, and higher PPP 

compared to LETO 

OLETF rats had lower basal levels of the glycolysis intermediates, 3-phosphoglycerate (10.9- fold, 

q<0.001), glyceric acid (2.4-fold, q<0.001), and glycerol-alpha-phosphate (2.5-fold, q=0.001). 

Moreover, the basal concentrations of citric acid and isocitric acid, the first intermediates of the 

TCA, were reduced in OLETF compared to LETO (1.9-fold, q=0.032 and 2.0-fold, q=0.061 

respectively). Conversely, basal glucose was higher in OLETF (1.3-fold, q=0.020), and ribitol and 

ribose concentrations were increased in OLETF compared to LETO (2.2-fold, q=0.009 and 1.4-

fold, q<0.001, respectively) (Figure 11A). These data suggest that during normo-caloric 

conditions, PPP may contribute significantly to energy production during an insulin resistant 

condition. 

3.5.2 CR induced higher lipolysis intermediates in OLETF compared to LETO 

Compared to LETO after CR, OLETF had higher plasma concentrations of the long-chain fatty 

acids (LCFA) lignoceric acid (3.1-fold, q=0.087), myristic acid (1.8-fold, q=0.125), and palmitoleic 

acid (2.6-fold, q=0.038), and the medium-chain saturated fatty acid (MCFA) caprylic acid (2.9-

fold, q=0.103), which could reflect a higher rate of lipolysis in OLETF. Moreover, there is an even 

more pronounced difference between strains in uracil and uric acid concentration (5.3-fold, q=0.041 

and 4.9-fold, q=0.021 higher, respectively) (Figure 11B), which suggest either an increase in lean 

tissue catabolism and/or a deficit in kidney function in the insulin resistant strain.  

3.5.3 CR increased intermediates in PPP and TCA, and amino acid concentration, while 

reducing fasting glucose in OLETF 

CR in OLETF increased the concentration of the pentoses ribose (2.5-fold, q=0.002) and xylulose 

(11.6-fold, q=0.003), which are intermediates in the PPP. Moreover, 3-phosphoglycerate, a product 

of both PPP and glycolysis, increased by 5.6-fold (q=0.009), as well as several intermediates of the 

TCA cycle: citric acid (2.2-fold, q=0.004), aconitic acid (1.9-fold, q=0.005), isocitric acid (2.2-

fold, q=0.008), fumaric acid (5.6-fold, q=0.001), and malic acid (7.2-fold, q=0.001). Furthermore, 

an increase in the concentration of the amino acids, alanine (1.7-fold, q=0.011), beta-alanine (2.4-

fold, q=0.041), cysteine (2.2-fold, q=0.010), serine (1.3-fold, q=0.011), and threonine (1.3-fold, 

q=0.078), was observed. This translated into a decrease in circulating glucose by 2.6-fold 

(q<0.001), while increasing adenosine 5-monophosphate (AMP) by 5.2-fold (q=0.005). However, 

these changes were not observed in LETO after CR. In addition, 5-methoxytrypamine, a metabolite 

closely related to serotonin, increased 22.3-fold (q=0.038) (Figure 11C). The significant increase 

in plasma AMP and TCA cycle intermediates may reflect an increase in ATP utilization during CR. 

3.5.4 Partial mass recovery increased fasting glucose and decreased TCA, pyrimidine 

catabolism and lipolysis in OLETF 

Partial recovery did not change fasting glucose in LETO, but increased glucose in OLETF by 2.5-

fold (q=0.001). Conversely, pyrophosphate, a product of ATP hydrolysis, decreased by 2.3-fold 

(q=0.007) with an even more pronounced changes in the TCA cycle intermediates, fumaric acid 

https://doi.org/10.6084/m9.figshare.12831005
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(3.5-fold, q=0.015), malic acid (4.0-fold, q=0.019), and succinic acid (19-fold, q=0.010). 

Moreover, lignoceric acid (4.4-fold, q=0.010), palmitic acid (2.1-fold, q=0.028), stearic acid (2.5-

fold, q=0.017), and caprylic acid (3.7-fold, q=0.006) decreased, along with the pyrimidines, 

thymine (1.8-fold, q=0.098) and uracil (6.2-fold, q=0.007), its catabolic products, beta-alanine (3.7-

fold, q=0.003) and uric acid (4.4-fold, q=0.025), and the glucogenic amino acids, alanine (1.6-fold, 

q=0.045), cysteine (2.2-fold, q=0.013), glycine (2.5-fold, q<0.001), and aspartic acid (2.0-fold, 

q=0.016). Interestingly, the concentration of 5-methoxytrypamine was reduced (24.5-fold, 

q=0.032) after mass recovery in a similar degree as it was increased after CR (Figure 11D). 

Collectively, these changes suggest that, after one week of ad libitum diet: 1) the ATP: ADP ratio 

is recovered, 2) hyperglycemia is maintained in OLETF even with decreased endogenous glucose 

production, and 3) the reliance on lipid and protein catabolism for energy during insulin resistance 

is decreased (Table 6).  

3.5.5 Lipid metabolism was inversely correlated to IRI after PR in LETO, but not OLETF 

Stearic acid (r=-0.95, q=0.097), palmitoleic acid (r=-0.90, q=0.159), palmitic acid (r=-0.95, 

q=0.097), myristic acid (r=-0.87, q=0.159), linoleic acid (r=-0.82, q=0.159), glycerol alpha-

phosphate (r=-0.94, q=0.097), docohexaenoic acid (r=-0.96, q=0.097), dihydrocholesterol (r=-0.88, 

q=0.159), cholesterol (r=-0.85, q=0.159), capric acid (r=-0.83, q=0.159), beta-sitosterol (r=-0.83, 

q=0.159), and arachidonic acid (r=-0.86, q=0.159) had strong, inverse correlations with IRI after 

PR in LETO. However, no metabolite had a strong, inverse correlation (r<-0.8 and P<0.05) with 

IRI after CR in LETO nor OLETF, neither after PR in OLETF. (Figure 12B). These results suggest 

that reductions in plasma lipids induced by CR may help maintain normal insulin signaling in 

LETO, while this protective effect was not observed in the insulin resistant state, and may 

contribute to the condition. 

3.5.6 Amino acid metabolism was more closely correlated with visceral adiposity than total 

body mass in OLETF after PR 

We previously showed that visceral adipose (retroperitoneal and epididymal) depots were reduced 

with CR, but depots did not recovered after PR in OLETF suggesting that lean tissue accounted for 

most of the mass recovery. Moreover, total amino acids increased exclusively in OLETF after CR. 

Thus, we expected that plasma amino acids would be directly correlated to body mass, rather than 

adipose, after mass recovery in OLETF. However, contrary to our hypothesis, no amino acid had a 

strong, positive correlation with body mass, while 4-hydroxyphenylacetic acid (r=0.99, q=0.068) 

was directly correlated with retroperitoneal fat mass, and tryptophan (r=0.95, q=0.128), 

phenylethylamine (r=0.91, q=0.172), methionine (r=0.90, q=0.172), histidine (r=0.91, q=0.172), 

glutamine (r=0.96, q=0.128), glutamic acid (r=0.99, q=0.051), and cystine (r=0.95, q=0.128) were 

directly correlated with epididymal fat mass in OLETF after PR (Figure 12C). 

3.5.7 PLS-DA with subsequent PCA successfully separated each pair of groups at PC1 except 

for LETO CR vs OLETF CR 

PLS-DA was performed for each significant pairwise comparison before performing pairwise PCA 

analyses (Figure 13). Each pairwise comparison had significantly different (P < 0.05) PC1 score 

means, while none of the PC2 score means were significantly different in any of the comparisons. 

The only exception was comparison C (LETO CR vs OLETF CR) where PC1 scores were not 

significantly different (Table 4). Moreover, this comparison had the closest PC1 score means 

compared to the rest. This could be explained by the relatively higher variability between samples 

in the OLETF CR group (SD of 5.80 for PC1). In contrast, LETO CR had relatively much smaller 

variability, (SD of 0.76 for PC1). Based on these observations, and the fact that PC1 accounted for 

at least 40% of the variation in all comparisons, further PCA analyses focused on PC1. 
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3.5.8 Carbohydrate metabolism contributed to the distinction between LETO and OLETF ad 

libitum controls 

The monosaccharides, glucose and ribitol, were among the top 5 metabolites that contributed to 

differentiation between OLETF and LETO (strain effect) on ad libitum diet on PC1 at 16 weeks of 

age (Table 5, Comparison A), while hexitol and ribose were added to the list at 17 weeks of age 

(Table 5, Comparison B). Conversely, the metabolites that contributed to the differentiation 

between the LETO and OLETF CR control groups were involved in lipid, amino acid, and 

secondary metabolism, with the exception of 3-phosphoglycerate, which is involved in glycolysis. 

(Table 5, Comparison A). These changes could imply a higher reliance in glucose metabolism 

from the OLETF rats or an impairment in lipid or amino acid metabolism during the insulin resistant 

state. 

3.5.9 Amino acid metabolism contributed to the distinction between LETO and OLETF after 

CR, but not after PR 

From the top five absolute loadings, 2 metabolites involved in amino acid metabolism (putrescine 

and pantothenic acid), and beta-alanine, involved in nucleotide metabolism, contributed to the 

distinction of OLETF from LETO after CR, while the amino acids, tryptophan, lysine, and 

oxoproline, as well as arachidonic acid (involved in lipid metabolism), contributed to distinguish 

LETO from OLETF after CR (Table 5, Comparison C). This suggests that OLETF rats may rely 

on protein catabolism in order to synthetize coenzyme A, in contrast to LETO rats that use lipids 

primarily as a source of energy when carbohydrates are depleted. Conversely, after PR, the 

metabolites that contributed the most to the distinction between the strains were associated with 

either lipid metabolism (glycerol-alpha-phosphate for LETO and cholesterol for OLETF) or 

carbohydrate metabolism (3-phosphoglycerate for LETO, and ribitol and ribose for OLETF) 

(Table 5, Comparison D).  

3.6 Discussion 

The previous results show that CR elicited more profound metabolic changes in the insulin resistant 

state compared to the healthy state. Several of the changes observed in glucose metabolism were 

expected based on previous findings. However, it was rather surprising that these metabolic shifts 

were not sufficient to spare the utilization of proteins for fuel in the insulin resistant rats, and even 

more, that mass recovery did not reverted gluconeogenesis to its basal levels, as we will further 

discuss. 

3.6.1 Carbohydrate metabolism prevailed with an improvement in the TCA cycle, without 

affecting the oxidative phase of the PPP, after a week of CR in OLETF 

A reduction in caloric intake is usually associated with a shift toward increased lipid metabolism 

because of the reduction in glucose [26-28]. Thus, after 7 days of 50% CR in OLETF rats, we 

expected to observe a shift toward a greater reliance on lipid metabolism [29]. However, the 

increases in 3-phosphoglycerate, a by-product of glycolysis, several TCA intermediates, and two 

intermediates from the non-oxidative phase of the PPP, independent of any detectable changes in 

oxidative phase intermediates suggest that glucose metabolism is increased with CR during insulin 

resistance. This highlights the clear benefit of CR to improving glucose metabolism and 

ameliorating the hyperglycemia during insulin resistance. The increase in plasma ribose likely 

indicates an increase in PPP concomitant with a decrease on nucleotide synthesis in peripheral 

tissue [30]. The increase in TCA intermediates suggests that CR even during an insulin resistant 

state may improve the strain-associated impairment in the TCA cycle. This impairment has been 

previously described in obese, diabetic rats secondary to hyperphagia and an impairment in the 
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leptin receptor [3], and in T2D patients compared to healthy subjects [31]. The improvement in IRI 

in OLETF with CR [18] substantiates this data suggesting that CR improves glucose metabolism 

via enhanced TCA cycle activity. However, in the OLETF the impairment in basal glucose 

metabolism is likely induced by impaired glycolysis because basal levels of 3-phosphoglycerate 

were lower in OLETF compared to LETO.  

3.6.2 Partial mass recovery reverted lipolysis, rather than gluconeogenesis, to basal levels 

The decrease in glycerol after PR compared to CR suggests that either lipolysis and/or 

gluconeogenesis is decreased after mass recovery [32], and demonstrates that seven days of partial 

recovery were sufficient to reverse the limited reliance in lipids in OLETF during an insulin 

resistant state. This result is consistent with our previous finding where triglyceride levels returned 

to basal levels following PR [18]. Furthermore, the decrease in the glucogenic amino acids, alanine, 

cysteine, glycine, and aspartic acid after refeeding (PR), is consistent with the metabolomics data 

from humans following starvation and refeeding [33]. However, we previously showed strain-

dependent changes in the expressions of glucogenic enzymes, although we did not detect consistent 

changes in these enzymes with CR and PR in OLETF [18] suggesting that the rate of lipolysis, but 

not gluconeogenesis, is reverted to basal levels in OLETF after PR,  Furthermore, comparing our 

previous measures of hepatic glucogenic enzyme expressions with the current metabolomics data 

suggests that the lack of detectable changes in protein expression do not accurately reflect the 

dynamic changes in gluconeogenesis, which puts more of an onus on metabolomics analyses such 

as these to better complement the molecular data. Additionally, these shifts in lipolysis and 

gluconeogenesis following PR may highlight the potential detriment of mass recovery, even if only 

partial as demonstrated here, after CR in an insulin resistant state, as the amelioration of the 

hyperglycemia with CR may be re-established from the combination of de novo glucose synthesis 

in the liver [34] and impaired glucose uptake from peripheral tissues [35, 36]. If so, this emphasizes 

the importance of maintaining the reduced body mass after CR as even partial recovery of body 

mass independent of adiposity has the potential to induce detrimental shifts in glucose metabolism 

that revert to an insulin resistant, hyperglycemic condition. 

3.6.3 Plasma lipids are better correlated to IRI in a non-insulin resistant state than glucose 

metabolism intermediates 

The lack of an inverse correlation between IR and circulating fatty acids (i.e. products of lipolysis) 

in an insulin resistant state in the present study may be explained by previous findings where insulin 

was unable to suppress lipolysis in an insulin resistant state compared to an insulin sensitive 

condition [37]. This is supported by the lack of changes in plasma lipids in OLETF after CR, even 

though we previously showed that CR improved IRI in OLETF suggesting that this improvement 

is largely driven by improvements in glucose metabolism independent of improved lipid 

metabolism. While an association between long-chain fatty acids and insulin sensitivity in obese, 

insulin resistant patients has been shown [38] that does not seem to apply during the early onset of 

insulin resistance in our model. 

3.6.4 Proteolysis is more profound in OLETF than LETO, and is reversed after mass recovery 

Normally, during negative caloric imbalance (i.e. CR) most of the amino acids generated after CR 

are either used by the liver for gluconeogenesis or by the muscle for energy production [39]. 

Consistent with these findings, we observed small but significant increases in several glucogenic 

amino acids, which translated into an overall increase in total amino acid concentration after CR in 

OLETF that returned to baseline levels after PR, but not in LETO. This increase in total amino 

acids suggests that lean tissue catabolism was increased and that these amino acids may be shuttled 

into gluconeogenesis to help support the changes in energetic demands. One advantage of this level 



25 

 

 
 

of CR, however, is that the increased availability of cysteine may increase the production of 

glutathione [40], thus reducing the overall oxidative damage caused by the insulin resistant state. 

The potential benefit of PR during an insulin resistant condition is that carbohydrates and lipids 

return as the primary sources of energy, sparing lean tissue via a reduction in proteolysis. However, 

the potential detriment of the shift in metabolism is the partial reversal of gluconeogenesis, which 

could translate into exacerbation of the hyperglycemia in insulin resistant OLETF demonstrating 

the risk of mass recovery after an acute caloric restriction independent of recovery of visceral 

adiposity. Furthermore, this highlights the importance of properly managing a caloric restriction 

regiment following the onset of insulin resistance to ameliorate inappropriately elevated lean tissue 

catabolism and the potential consequences of this shift in metabolism including an increase nitrogen 

load on the kidneys [41] and inappropriate muscle loss. These data suggest that a reduction in 

adipose per se may not be sufficient in the long term to improve IRI in an insulin resistant state 

when gluconeogenesis is inappropriately elevated.  

In summary, severe acute caloric restriction was sufficient to elicit significant changes in several 

metabolic pathways in OLETF but not LETO, and a partial mass recovery comprised mostly by 

lean tissue reverted most of these changes to baseline levels with the exception of increased 

gluconeogenesis, and decreased lipolysis and amino acid catabolism.  These shifts in substrate 

metabolism suggest that failure to adhere to this regiment could be detrimental in the long term due 

to the ability of metabolic shifts to adapt to changes in caloric intake. 
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Chapter 4. Simultaneous SGLT2 Inhibition and Caloric Restriction Improves Insulin 

Resistance and Kidney Function in OLETF Rats 

 

4.1 Abstract 

SGLT2 inhibitors (SGLT2i) are emerging as a novel therapy for T2DM due to its effective 

hypoglycemic and potential cardio- and nephron-protective effects, while caloric restriction (CR) 

is the first line of treatment to improve adiposity and insulin resistance. Previous data suggest that 

the simultaneous use of both treatments can further improve metabolic syndrome due to the 

suggested effect of SGLT2i on carbohydrate metabolism. In order to test this hypothesis, we 

subjected a cohort of 10-week old male Long Evans Tokushima Otsuka (LETO) and Otsuka Long 

Evans Tokushima Fatty (OLETF) rats to 4 weeks of 10 mg Luseoglifozin /kg/day (OLETF only) 

and/or 2 weeks of 30% CR at 12 weeks of age. CR maintained body mass in both strains while 

SGLT2i did not have any effect on body mass. Simultaneous treatment decreased SBP in OLETF 

vs SGLT2i alone, decreased insulin resistance index (IRI), and increased creatinine clearance vs 

OLETF Control. Conversely, CR decreased albuminuria independent of SGLT2i. In conclusion, 

SGLT2i treatment by itself did not elicit significant improvements in insulin resistance, kidney 

function or blood pressure. However, when combined with CR, these changes where more 

profound than with CR alone. 

4.2 Introduction: 

Sodium-glucose cotransporter 2 (SGLT2) is highly expressed in the renal proximal tubule and 

inhibition of SGLT2 decreases plasma glucose by increasing urinary excretion. For this reason, 

SGLT2 inhibitors (SGLT2i) are rapidly emerging as a novel  therapy  for  T2DM  (1).  When used 

in monotherapy, these inhibitors present low risk for hypoglycemia, preserved islet mass, and 

improved insulin sensitivity (2). Current data suggest that cardiovascular health is improved as 

well; however, the use of this drug is not advised in the event of low-carbohydrate diets, extreme 

insulin deficiency, or cachexia (3). However, it is also suggested that chronic SGLT2 inhibition 

can cause metabolic adaptations similar to those observed in aestivation, which is characterized by 

increased amino and fatty acid utilization as sources of energy while reducing metabolic rate (4).  

A low carbohydrate diet (LCHD) with simultaneous SGLT2i in non-diabetic rats resulted in a 

reduction in HOMA-IR, but not LCHD alone, suggesting that a compensatory increase in liver (and 

potentially kidney) gluconeogenesis induced by chronically reduced dietary carbohydrate may have 

masked the effects. Moreover, treatment with a SGLT1/2i reduced hepatic glycogen content and 

glucose production independent of changes in gluconeogenic enzymes or GLUT2 abundance in 

T2D mice (5) suggesting that inhibition of SGLT2 may alter hepatic glucose metabolism and 

glucose homeostasis via multiple pathways, some of which have not been identified to date. 

Additionally, reduction in carbohydrate consumption further reduced the SGLT2i-induced 

glycosuria (6) suggesting that simultaneous nutritional intervention and SGLT2i could potentially 

alter glucose homeostasis. However, the effects of chronic SGLT2i on gluconeogenesis are not 

well-described especially in relation to altered nutritional intake. 

Moreover, 30% caloric restriction (CR) or SGLT2i resulted in a similar decrease in fasting blood 

glucose and albuminuria over time compared to untreated, strain controls and correction of the 

overexpression of tricarboxylic acid (TCA) intermediates in BTBR ob/ob mice (7); however, the 

effects of combined treatments were not examined. SGLT2i treatment in diet-induced obesity 

increased muscle AMPK phosphorylation in a dose-dependent manner, which may facilitate 

increased fatty acid oxidation in muscle (8). These findings are consistent with a reduction in 

carbohydrate oxidation and an increase in lipolysis and ketogenesis found in T2DM patients on 
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SGLT2i therapy that was proportional to the duration of the therapy (9). Collectively, these studies 

suggest that altered glucose metabolism during treatment with SGLT2i during conditions of 

metabolic derangement may alter lipid and protein metabolism as well. 

Furthermore, applying metabolomic analyses demonstrated that 12 weeks of SGLT2i treatment in 

patients with T2DM or non-alcoholic liver disease improved metabolic pathways related to energy 

metabolism, and mitochondrial and endothelial function suggesting that impaired SGLT2 activity 

associated with metabolic defects contributes to a decline in kidney function (10).  

Severe (70%), long-term (7 wks) caloric restriction (11) and chronic SGLT2i treatment (3 mo) (12) 

improved glucose tolerance and reduced proteinuria and glomerular damage in rat models of 

metabolic derangement (OLETF and T2DN, respectively); however, the potential benefits 

following more acute interventions of either or combined have not been examined during similar 

conditions. Therefore, we hypothesized that acute (10 d), mild caloric restriction (30%) combined 

with SGLT2i treatment will improve insulin resistance and kidney function and injury associated 

with improved glucose metabolism without inducing hypoglycemia. Furthermore, studies of the 

potential benefits of SGLT2i and/or CR in a model of metabolic syndrome (MetS), which is more 

complicated than T2D alone, are scarce, and those examining the combined effects are unrealized. 

4.3 Methods 

The Animal Experimentation Ethics Committee at Kagawa University, Kagawa, Japan approved 

the experimental protocols (ID: 21614). All experimental procedures were conducted in accordance 

with the guidelines for care and use of animals established by Kagawa University. 

4.3.1 Animals 

Male, lean strain-control, Long Evans Tokushima Otsuka (LETO) (n = 15) and obese, insulin 

resistant Otsuka Long Evans Tokushima Fatty (OLETF) (n = 29) rats (Otsuka Pharmaceutical Co., 

Ltd., Tokushima, Japan) were fed ad libitum with standard laboratory rat chow (MF; Oriental Yeast 

Corp., Tokyo, Japan) until 10 weeks of age. Both strains of rats were matched for age throughout 

the study. OLETF rats were then randomly assigned to either (1) untreated (n=14; equivalent 

volume of saline solution (0.9%) x 4 wks) or (2) SGLT2i treated (n=15; 10 mg luseogliflozin/kg/d 

x 4 wks by gavage) groups. Luseogliflozin was dissolved in deionized water (0.25% w/v) prior to 

dosing. At 12 wks of age, LETO rats were randomly assigned to either (1) untreated, ad libitum-

fed, strain controls (LETO Ctrl; n=8) or (2) untreated, calorie restricted (LETO CR; n=7; 30% CR 

x 2 wks) groups. Likewise, both OLETF groups were randomly assigned to (1) untreated, ad 

libitum-fed, within-strain controls (OLETF Ctrl; n=8), (2) SGLT2i treated, ad libitum-fed (OLETF 

SGLT2i; n=7), (3) untreated, 30% CR (OLETF CR; n=7), or (4) SGLT2i treated + 30% CR 

(OLETF SGLT2i CR; n=7). SGLT2 inhibitors were developed to ameliorate the consequences of 

T2D, thus there is no expectation that SGLT2i would be prescribed to healthy, non-diabetic 

individuals. Therefore, providing SGLT2i to the healthy LETO rats would not provide further 

insights to the undiscovered, biomedical benefits of such a treatment during metabolic 

derangement, which is a principal outcome of the present study. Although we recognize the 

potential to enhance our knowledge of the basic biology of the SGLT2 transporter by providing the 

inhibitor to healthy animals, the focus of the present study was on the biomedical implications 

during a condition of impaired glucose metabolism, which is associated with metabolic syndrome, 

for which the drug was produced. Thus, our study design controls for both the CR and SGLT2i 

during the metabolic syndrome. All animals were maintained in groups of two animals per cage for 

the entire study to minimize stress (13) except during CR, which was necessary to ensure the 

appropriate degree of CR. Ad libitum food intake per rat was calculated as the mean intake for 

double occupancy cages. Two days before oral glucose tolerance test (oGTT), all animals were 
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transferred to metabolic cages for 24 h to collect urine for further biochemical analyses, while 

maintaining their previous level of food intake. Animals were maintained in a specific pathogen-

free facility under controlled temperature (23◦C) and humidity (55%) with a 12:12 light-dark cycle. 

All animals were given free access to water for the entire study.  

4.3.2 Blood Pressure.  

Systolic blood pressure (SBP) was routinely measured in triplicate in conscious rats by tail-cuff 

plethysmography (BP- 98A; Softron Co., Tokyo, Japan) (n = 6/group) as previously described (14-

16). Rats were acclimated to the restraint tube prior to measurements. Measurements were made 

every other day after treatment for the entire study. Repeated measures with a percent coefficient 

of variability (CV) >15% were excluded. Measurements were averaged by week and analyzed by 

one-way ANOVA.  

4.3.3 oGTT.  

oGTTs were performed in all animals at 14 wks of age as previously detailed in our hands (14). 

Briefly, a 2 g/kg glucose bolus was given by gavage to overnight-fasted (14+ h) rats. Blood was 

collected via the caudal vein before gavage and at 5, 10, 30, 60, and 120 min. 

4.3.4 Dissections.  

Three days after oGTTs, animals were fasted overnight, and tissues collected the subsequent 

morning. After body mass (BM) measurements were obtained, animals were anesthetized with 100 

mg pentobarbital/kg i.p. and arterial blood was collected via the abdominal aorta into chilled vials 

containing 500 mM EDTA and 1600 KIU aprotinin. Vials were kept on ice until centrifuged 

(3,000g x 15min at 4°C), and the plasma was transferred to cryo-vials and immediately stored at 

−80°C. Systemic perfusion with chilled PBS was performed via the same artery with an incision in 

the inferior vena cava as the exit point and proceeded until no blood was present. Thereafter, liver, 

heart, pancreas, kidneys, gastrocnemius muscle, and epididymal and retroperitoneal fat depots were 

rapidly removed, weighed, and snap frozen in liquid nitrogen. Frozen samples were kept at −80°C 

until analyzed.  

4.3.5 Biochemical Analyses.  

 

Plasma creatinine, and urine glucose, creatinine, albumin, Na+ and K+, were measured using a 

Hitachi 7020 chemistry analyzer (Diamond Diagnostics, Massachusetts, USA). Serum Na+ and K+ 

measurements were outsourced to a local commercial lab (Central Valley Diagnostic Lab, Merced, 

CA, USA). Plasma insulin was measured using commercially available ELISA kits (Wako, Osaka, 

Japan). Liver glucose (Wako, Osaka, Japan), glycogen (Cell Biolabs, San Diego, USA), and 

glucose-6-phosphate (G6P) content, and hexokinase (HK) activity (Sigma-Aldrich, St. Louis, 

USA) were measured by commercially available colorimetric kits, with values normalized to total 

protein (TP) content. All samples were analyzed in duplicate and run in a single assay with intra-

assay percent CV of <10% for all assays. Creatinine clearance (Ccr) was calculated to estimate 

glomerular filtration rate (GFR) as:  

Ccr (mL/min) = urine creatinine (mg/dL) x urine flow (mL/min)/plasma creatinine (mg/dL)  

(17). Fractional excretion of Na+ and K+ (FE[x]) was calculated as: 

FE (%) = (urinary excretion of [x] (mEq/min)/Ccr (ml/min) x serum [x] (mEq/ml)) * 100 
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4.3.6 Protein Expression by Western Blot.  

Homogenates of gastrocnemius muscle and liver were separated into cytosolic and plasma 

membrane fractions.  The cytosolic fraction was obtained by homogenizing 15-25 mg of tissue in 

200 µl KPi buffer containing 1% protease and 3% phosphatase inhibitor cocktail (Sigma-Aldrich, 

St. Louis, USA) and centrifuging (15,000 rpm x 15 min) to separate. The pellet was then 

homogenized and sonicated (20 s) in 150 µl KPi buffer with 1% Tween-20, 1% protease and 3% 

phosphatase inhibitor cocktail, and centrifuged in the same conditions to extract the membrane 

fraction. The purity of the fractions was assessed by measuring fraction-specific proteins (α-tubulin 

for cytosol and Na+-K+ATPase for membrane). Supernatant total protein content was measured by 

Bradford assay (Bio-Rad Laboratories, Hercules, CA).  

Predetermined amounts of total protein (TP) were resolved in a 10% Tris-HCl SDS gel. Proteins 

were electroblotted using the InvitrogenTM Mini Blot module onto a 0.45µm Inmovilon-FL 

polyvinylidene difluoride (PVDF) membrane for 1 h at 20V. Membranes were blocked 1 h with 

Odissey blocking buffer (TBS) and incubated 16 h at 4°C with primary antibodies diluted in TBS 

with 0.2% Tween-20 targeted against GLUT2 (18) (1:1000 dilution, 20 µg TP) , G6Pc (19) (1:500 

dilution, 40 µg TP) , PCK1 (20) (1:4000 dilution, 6 µg TP) , AMPK (21) and p-AMPK (22) (1:1000 

dilution, 40 µg TP), Akt (23) and p-Akt (24) (1:1000 dilution, 30 µg TP), IR (25) (1:1000 dilution, 

12.5 µg TP), GLUT4 (26) and p-GLUT4 (27) (1:1000 dilution, 8 µg TP), α-tubulin (28) (1:40,000 

dilution, 5-20 µg TP), and Na+-K+ATPase (29) (1:40,000 dilution, 5-20 µg TP). Membranes were 

washed with TBS with 1% Tween-20 and incubated for 1 h with a secondary antibody (LI-COR 

Biosciences, Lincoln, USA) diluted 1:20,000 in TBS with 0.2% Tween-20 and 0.1% SDS, 

rewashed and visualized using a Li-Cor Odissey Imaging System.  

4.3.7 Metabolomic Analysis.  

Aliquots of plasma (n=6-7/group) were analyzed for primary carbon metabolites by gas 

chromatography (GC) time-of-flight (TOF) mass spectrometry (MS) data acquisition and processed 

at the NIH West Coast Metabolomics Center at UC Davis as previously described (30), generating 

a dataset of 136 consistently identified metabolites. Data were reported as the mTIC normalized 

(31) quantitative ion peak heights of all structurally annotated compounds. Data was rank 

transformed (32) as previously described (33). Student’s t-test was performed in 9 previously 

selected pairwise comparisons (Table 9) and Benjamini-Hochberg False Discovery Rate (FDR) 

correction (34) q-values were calculated for each metabolite per comparison. Fold changes were 

calculated per comparison as mean group B / mean group A, after mTIC normalization. Network 

maps were plotted per comparison using MetaMapp (35) and visualized in Cytoscape 3.7.1. Raw 

and transformed data can be found in the following repository: 

https://doi.org/10.6084/m9.figshare.14403935.v1 

4.3.8 Statistics.  

Means (±SE) were compared by one-way ANOVA, with the Holm-Sidak method for post-hoc 

multiple comparison after excluding outliers by extreme studentized deviate test with α = 0.05. 

Glucose tolerance was assessed by comparing mean AUC values obtained from the glucose profiles 

during the oGTT. The accompanying AUCs of the insulin response during the GTT were also 

calculated. The AUC values were also compared by one-way ANOVA. The insulin resistance index 

(IRI) was calculated as the product of AUCglucose and AUCinsulin divided by 100 as previously 

described (14, 36) and used to assess the effects on MetS-associated insulin resistance observed in 

OLETF. Relationships between dependent and independent variables were evaluated by simple 

regression, except for insulin, where a 4th order regression was used. Correlations were evaluated 

using Pearson correlation coefficients. Means, regression, and correlations were considered 



30 

 

 
 

significantly different at p < 0.05. Statistical analyses were performed with JMP 15 software (Cary, 

USA). 

4.4 Results 

4.4.1 CR Blunts the Incremental Increase in BM and Is Not Altered Further with SGLT2i  

Slope analysis was performed to better appreciate the impacts of all the treatments on the changes 

in BM (Figure 14). Between 7 and 10 wks of age (before starting treatments), the incremental 

increase in BM was significantly greater (p = 0.031) in OLETF (8.8 ± 0.8 g/d, r2 = 0.99) compared 

to LETO (5.8 ± 1.0 g/d, r2 = 0.99). After 10 wks of age, mean incremental increase was not 

significantly different (p = 0.962) between LETO control (3.8 ± 0.3 g/d, r2 = 0.98) and OLETF 

control (4.6 ± 0.9 g/d, r2 = 0.98). The incremental change in BM in LETO CR (-1.1 ± 0.9 g/d, r2 = 

0.60) was lower (p = 0.003) compared to LETO control. CR in OLETF without (-0.1 ± 1.1 g/d, r2 

= 0.04) and with SGLT2i (-0.9 ± 1.5 g/d, r2 = 0.16) decreased (p < 0.001) the incremental change 

in BM compared to OLETF control, and the slopes between the two CR groups were not different 

(p = 0.995). In ad lib-fed OLETF, the incremental increases in BM without SGLT2i (4.6 ± 0.9 g/d, 

r2 = 0.98) was the same (p = 1) compared to OLETF SGLT2i (4.6 ± 0.7 g/d, r2 = 0.98). The relatively 

low coefficients of determination (r2) and shallower slopes in all the CR groups suggest that BM 

was maintained relatively constant (incremental increase blunted) rather than reduced over time. 

4.4.2 Simultaneous SGLT2i and CR Reduced MetS-induced Increase in SBP 

Before the SGLT2i treatment at 9 wks of age, SBP was higher (p < 0.001) in OLETF (140 ± 3 

mmHg) compared to LETO (118 ± 5 mmHg) confirming the MetS-induced increase in SBP 

(Figure 15). At the end of the study, CR did not change SBP in either LETO (p = 0.995) or OLETF 

(p = 0.985). Moreover, SGLT2i without CR did not alter SBP in OLETF (p = 0.931). However, the 

simultaneous treatment of SGLT2i and CR decreased (p = 0.038) SBP compared to OLETF 

SGLT2i without CR by the end of the study.  

4.4.3 Simultaneous SGLT2i and CR Improved MetS-associated Insulin Resistance Index 

Glucose tolerance tests with corresponding insulin measurements and subsequent IRI calculations 

were performed to quantify the functional metabolic effects of both treatments alone and in 

combination. Mean glucose peak during oGTT (at 30 min) was reduced by 27% in OLETF SGLT2i 

CR rats compared to OLETF CR (p = 0.022) (Figure 16A). Mean AUCglucose was 97% higher (p < 

0.001) in OLETF compared to LETO and was not reduced by either SGLT2i or CR alone; however, 

the OLETF SGLT2i CR group was not different from LETO CR suggesting that the simultaneous 

treatment tended to decrease AUCglucose (Figure 16B). There were no significant differences in 

basal insulin between strains. However, mean basal insulin was 44% lower in OLETF SLGT2i CR 

compared to OLETF CR (p = 0.018) and OLETF SGLT2i control (p = 0.008) (Figure 16C). 

Moreover, neither of the treatments elicited a change in AUCinsulin in OLETF. AUCinsulin was 33% 

lower in LETO CR compared to OLETF CR (p = 0.041) (Figure 16D). Mean IRI was 98% greater 

(p < 0.001) in OLETF vs LETO and was nor reduced by SGLT2i or CR alone. However, the 

combined treatments reduced (p = 0.019) mean IRI in OLETF by 33% compared to CR alone 

(Figure 16E). At 14 wks of age, basal fasting blood glucose concentrations were 35% greater (p < 

0.001) in ad lib-fed OLETF compared to ad lib-fed LETO. Neither treatments reduced basal fasting 

blood glucose concentrations in either strain. SGLT2i treatments in OLETF did not reduce static 

fasting blood glucose concentrations. However, CR in LETO increased (p = 0.024) basal 

glucose:insulin ratio by 66% (Table 7). 
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4.4.4 CR Reduced SGLT2i-induced Glycosuria  

Urinary glucose excretion was minimally detectable (< 2 mg/d) in all non-SGLT2i-groups without 

significant differences between strains. CR reduced (p < 0.001) the SGLT2i-induced glycosuria by 

64% in OLETF (Figure 17). The robust glycosuria observed in the SGLT2i groups provides 

evidence of the drug’s effectiveness.  

4.4.5 CR Increased Urinary Na+:K+ Ratio and Decreased Fractional Excretion of K+ (FEK+) 

in OLETF 

LETO CR had increased serum Na+ concentration compared to OLETF CR (p = 0.021), without 

significant changes with either CR or SGLT2i. Neither treatment alone or in combination changed 

urinary electrolyte excretion; however, CR increased (p < 0.001) urinary Na+/K+ ratio by 90% in 

OLETF. LETO control had higher FENa+ compared to OLETF CR (p = 0.029) and OLETF SGLT2i 

CR (p < 0.001). Moreover, FENa+ decreased in OLETF CR (p = 0.003) and OLETF SGLT2i CR (p 

= 0.008) compared to OLETF SGLT2i control. (Table 8).  

4.4.6 CR Improved Albuminuria (UalbV) and CR with SGLT2i Increased Creatinine 

Clearance (Ccr) in OLETF 

Albuminuria was 15.6-fold greater (p < 0.001) in OLETF compared to LETO characteristic of the 

renal injury associated with the strain (Figure 18). Although SGLT2i alone did not reduce the 

albuminuria in OLETF, CR reduced mean UalbV by 74% (p = 0.003) and by 61% (p = 0.009) with 

SGLT2i (Figure 18). No profound changes in plasma creatinine were detected among the groups 

although levels tended to decrease (p = 0.062) with the combined treatment compared to OLETF 

SGLT2i. (Figure 19A). Urinary creatinine excretion (UcrtV) was 31% greater (P=0.001) in OLETF 

compared to LETO, and levels were similarly elevated with CR and/or SGLT2i (Figure 19B). 

Combined treatment in OLETF increased (p = 0.015) Ccr by 71% compared to LETO CR (Figure 

19C), which is reflective of the trending decrease in plasma creatinine in this group.  

4.4.7 CR and SGLT2i Increased Liver Gluconeogenesis in OLETF, while CR Reduced 

Glycolysis in LETO, and SGLT2i in OLETF. 

We measured glucose and glucose-6-phosphate (G6P) content in the liver, calculated the 

glucose:G6P ratio, and measured the cytosol content of the gluconeogenic enzymes G6Pc and 

PCK1, and GLUT2 translocation for hepatic glucose release. Conversely, we measured hexokinase 

(HK) activity, as this is the first committed step in glycolysis. Mean hepatic glucose content was 

similar between ad libitum fed groups. However, glucose content increased by 102% in OLETF 

SGLT2i CR vs OLETF SGLT2i (P=0.007) (Figure 20A). Mean hepatic G6P was two-fold higher 

in OLETF vs LETO with ad libitum diet (P=0.016), and 146% higher with CR (P=0.022). However, 

OLETF treated with SGLT2i had similar hepatic G6P content compared to LETO, independent of 

CR (Figure 20B). This translated into an increased glucose:G6P ratio of 1.1±0.2 in OLETF 

SGLT2i CR vs 0.4±0.1 in OLETF control (P=0.007) and 0.6±0.2 in OLETF SGLT2i (P=0.042) 

(Figure 20C). Nonetheless, there was no significant difference in hepatic glycogen content in any 

of the groups (Figure 20D). Mean hexokinase activity decreased 45% in OLETF control (P=0.019) 

and 48% in OLETF SGLT2i control (P=0.008) compared to LETO control.  Moreover, CR 

decreased hexokinase activity by 68% in LETO (P<0.001) and OLETF SGLT2i CR had a 68% 

lower activity compared to OLETF CR (P=0.004) (Figure 20E). Although mean G6Pc was higher 

in OLETF vs LETO, this difference was not significant (p = 0.628). Neither CR nor SGLT2i 

changed G6Pc expression in OLETF; however, CR increased expression by over 5.5-fold in LETO 

(P=0.01) (Figure 20F). On the other hand, PCK1 expression increased in OLETF CR vs OLETF 

control (107% vs 81%, P=0.048) (Figure 20G). GLUT2 translocation to the membrane did not 
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change between strains or with CR or SGLT2i alone. However, membrane GLUT2 translocation 

increased to 173% in OLETF SGLT2i CR vs 83% in OLETF SGLT2i control (P<0.001) and 87% 

in OLETF CR (P<0.001) (Figure 20H).  

4.4.8 SGLT2i Decreased Insulin Receptor Expression and Increased Akt Phosphorylation in 

OLETF Independent of Changes in GLUT4 Translocation or Phosphorylation in 

Gastrocnemius Muscle 

Given that skeletal muscle is the primary site of glucose clearance and could partially explain the 

increase in glucose tolerance, we measured insulin receptor (IR) expression as increased 

translocation is inversely correlated to receptor phosphorylation, and thus, linked to insulin 

resistance. In addition, we measured the phosphorylation of AMPK (pAMPK) and Akt (pAkt) as 

these are downstream events of IR activation. We also measured GLUT4 translocation, correlated 

to higher glucose absorption, and GLUT4 phosphorylation, which facilitates the receptor 

endocytosis. Relative IR expression was increased by over 2.3-fold (P=0.011) in OLETF control 

compared to LETO control; however, SGLT2i treatment reduced IR by 104% (P=0.029). CR 

increased IR in LETO and OLETF SGLT2i; however, these changes were not significant (Figure 

21A). AMPK expression was consistent among groups (Figure 21B) and SGLT2i did not 

significantly alter pAMPK. However, pAMPK increased by 56% (P=0.002) in OLETF CR and 

44% (P=0.019) in OLETF SGLT2i CR compared to OLETF control (Figure 21C). Despite these 

changes, the p-AMPK:AMPK ratio did not change significantly amongst groups (Figure 21D). 

Relative Akt expression increased by 54% (P=0.022) in OLETF CR compared to control without 

basal changes between strains (Figure 21E). On the other hand, pAkt doubled (P=0.026) in OLETF 

SGLT2i compared to LETO control (Figure 21F) This difference was more pronounced after 

calculating the p-Akt:Akt ratio, also showing a significant difference vs OLETF control (2.3 ± 0.4 

vs 1.0 ± 0.0, P=0.022) (Figure 21G).  These changes were not observed with CR. No significant 

differences in GLUT4 translocation nor phosphorylation were detected among the groups (Figure 

21H-J). 

4.4.9 CR Increased Primary Carbon Metabolite Differences between Strains while CR and 

SGLT2i Treatments Combined Increased Different Carboxylic Acids in OLETF compared 

to SGLT2i  

CR did not induce significant shifts in the metabolome in LETO or OLETF (Figure 22A and D), 

with SGLT2i alone in OLETF (Figure 22E) or CR alone (Figure 22G), except for a decrease in 

glyceric acid with CR (1.9-fold, q=0.027) and CR + SGLT2i (1.6-fold, q=0.159) in OLETF. 

However, at basal levels, OLETF had a higher plasma concentration of oleic acid (4.8-fold, 

q=0.102), ribitol (2.2-fold, q=0.005) and ribose (1.9-fold, q=0.031) compared to LETO. (Figure 

22B). This difference was accentuated when comparing both strains after CR, where OLETF had 

higher concentrations of the carbohydrates glucose (1.3-fold, q=0.158), ribitol (3.1-fold, q<0.001), 

ribose (2.4-fold, q<0.001), xylulose (1.2-fold, q=0.138), and sorbitol (1.7-fold, q=0.126), the fatty 

acids, oleic (2.2-fold, q=0.091) and palmitoleic (1.9-fold, q=0.049), and phenylethylamine (2.4-

fold, q=0.126) and tyrosine (6.5-fold, q=0.010). On the other hand, OLETF CR had lower 

concentrations of compounds related to amino acid metabolism including putrescine (22.2-fold, 

q=0.153), glycine (2.1-fold, q<0.001) and urea (1.3-fold, q=0.072), and the fatty acids, azelaic acid 

(2-fold, q=0.091), heptadecanoic acid (1.5-fold, q<0.001), octadecanol (1.6-fold, q=0.126), and 

stearic acid (1.4-fold, q=0.060), and cholesterol (1.2-fold, q=0.111) compared to LETO CR (Figure 

22C). Moreover, combined treatments in OLETF increased the carboxylic acids, cinnamic (4.8-

fold, q=0.106), nicotinic (3.5-fold, q=0.155), and salicylic (4.4-fold, q=0.129), and levoglucosan 

(1.5-fold, q=0.147) and succinate semialdehyde (3-fold, q=0.122), precursors of glucose and 

succinic acid, respectively, compared to OLETF SGLT2i. Conversely, the concentrations of oleic 
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(6-fold, q=0.155) glucuronic (1.7-fold, q=0.155), and glutaric acids (1.6-fold, q=0.155), and 

phenylalanine (1.7-fold, q=0.182), putrescine (1.6-fold, q=0.155), and valine (1.3-fold, q=0.155) 

were lower in OLETF SGLT2i CR vs OLETF SGLT2i alone (Figure 22I).   

4.5 Discussion 

4.5.1 SGTL2i therapy does not further improve CR mediated body mass 

Slope analysis of body mass changes over time revealed that SGLT2i did not significantly alter 

CR-induced decrease in BM in the OLETF animals. Previous studies have suggested that SGTL2i 

may decrease BM initially due to increased diuresis, which we did not observe in our study. If so, 

we calculated that it would take months for the glycosuria-mediated caloric deficit to actually 

reduce body mass (37). Other studies suggest that SGLT2i either increased fatty acid metabolism 

and/or reduced lipogenesis in diet-induced obese rats, decreasing liver and adipose mass (38), 

which could ultimately reduce BM but likely beyond the duration of the time frame of our study 

duration. However, the maintenance of body mass despite the combined treatments suggests that, 

at least in our model, there are other mechanisms balancing the caloric deficit caused by the 

glycosuria.   

4.5.2 Combined SGLT2i and CR treatment has potential anti-hypertensive and 

nephroprotective effects 

Several clinical trials have shown a modest but consistent reduction of SBP in SGLT2i treated 

patients compared to other antidiabetic drugs after one to two weeks of treatment. However, this 

reduction is attributed to an osmotic diuresis rather than natriuresis (39). This is confirmed by our 

urinary results, where FENa+ and UNa+V were unaffected by SGLT2i. In our study, SLGT2i or CR 

alone did not reduce SBP significantly. Additionally, FEK+ tended to increase with SGLT2i alone 

suggesting that a potential downstream effect on Na+-K+ exchange in the distal tubule was induced 

but minimally (40). However, when comparing exclusively the combined treatment in OLETF to 

the untreated control group at the end of the study, we observed a significant reduction in SBP 

comparable to that previously reported in the literature (41) suggesting that longer duration 

treatments could have had a more robust effect on SBP.  

In this study we also assessed basal renal function between strains, as the OLETF model develops 

nephropathy over time (42), with marked proteinuria after 25 weeks of age (43), and impaired 

function may diminish the benefits of SGLT2i inhibition. Moreover, previous clinical studies 

revealed that SGLT2i decreased urinary albumin-to-creatinine ratio, a marker of diabetic 

nephropathy (DN) (44). In our study, we observed increased albuminuria in the OLETF compared 

to the LETO, which was ameliorated with CR, independent of treatment with SGLT2i. The 

maintenance of plasma creatinine concentration across groups suggests that, at this stage of the 

MetS, the renal injury was not sufficient to reduce kidney function. These observations reinforce 

the notion that CR has potential nephroprotective effects, especially when accompanied by a net 

decrease in protein intake (45), which would be associated with the CR in the present study. 

However, independent of the CR-associated benefits on glomerular injury (46, 47), the nephron-

protective effects were not further enhanced with SGLT2i in our model suggesting that the suite of 

defects associated with MetS prohibit further improvements in the condition with the combined 

treatments. This is significant because it re-enforces the idea that early detection and intervention 

are critical to maximize the effectiveness of treatments when combating the multitude of defects 

that are associated with MetS.  
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4.5.3 Urinary glucose excretion was proportional to caloric intake and independent of fasting 

glucose 

We measured 24 h glucose excretion to assess the efficacy of the SGLT2i treatment. Although 

fasting glucose concentration was not different between the untreated OLETF and SGLT2i treated 

rats, excreted glucose was several magnitudes higher in the SGLT2i treated groups compared to 

the others, clearly indicating the effectiveness of the drug. A negligible amount of excreted glucose 

was detected in the other groups, consistent with our previous results from similarly aged rats (48), 

demonstrating that the severity of the glomerular injury at this stage of the disease is not sufficient 

to induce robust glycosuria. Interestingly, the reductions in excreted glucose with CR did not 

translate to detectable changes in fasting glucose. These data may seem to conflict with previous 

findings where fasting serum glucose in dapagliflozin-treated patients was positively correlated 

with cumulative urine glucose (49). Moreover, results from SGLT2-deficient mice suggest that an 

increase in caloric intake and/or a potential increase in glucose absorption via SGLT1 would be 

sufficient to normalize blood glucose and maintain body mass similar to wild type mice, without 

changes in electrolytes, blood pressure, or GFR (50). Furthermore, OLETF rats have an increased 

intestinal expression of SGLT1 compared to LETO rats (51), which may partially explain the 

differential responses and lack of glycosuria-induced decrease in fasting blood glucose. We propose 

that compensatory mechanisms including an increase in SGLT1-mediated systemic absorption and 

release of hepatic glucose stores were sufficient to maintain circulating levels. Ironically, intact and 

fully functional compensatory mechanisms despite the insulin resistant condition may prohibit the 

combined therapies from ameliorating the strain-associated hyperglycemia.    

4.5.4 Combined treatments improved the insulin resistance independent of IR or Akt 

activation in skeletal muscle 

Insulin resistance index, a surrogate measure for systemic insulin resistance in the pre-diabetic 

state, was reduced by the combined treatments. We measured IR expression as well as AMPK and 

Akt phosphorylation in skeletal muscle to help elucidate mechanisms associated with insulin 

signaling (52). Moreover, impaired IR, and by consequence, Akt activation, decrease glucose 

infusion rate (a measure of insulin sensitivity) and endogenous glucose production (53). Although 

we measured insulin receptor expression (specifically in the membrane) rather than 

phosphorylation, previous studies with 30% CR in Fischer 344 x Brown Norway showed that 

glucose uptake was increased in slow and fast twitch muscle via increased Akt phosphorylation 

independent of insulin receptor (IR) phosphorylation (54). 

However, the increase in insulin sensitivity could not be completely explained by the decrease in 

insulin receptor expression or Akt activation in the muscle, as these changes paradoxically occurred 

only after treatment with SGLT2i alone, but not with the combined treatment. Although Akt 

phosphorylation was not increased in the CR groups, 40% CR stimulated Akt2 phosphorylation, 

thus was isoform specific (55), which was associated with increased GLUT4 translocation (56, 57). 

Nevertheless, our results suggest that SGLT2i, rather than CR, may be more beneficial in activating 

total Akt.  

A previous study with 30% CR in OLETF showed stable levels of fasting glucose and circulating 

glucose over time, even after 42 weeks of age, reportedly due to a higher expression and 

translocation of adipocyte GLUT4 in the CR group (58). In our study, however, GLUT4 

translocation in the muscle was not different across groups. One distinction of our study, however, 

is that we measured GLUT4 in the fasted state when adaptation to the perturbation may have 

already occurred and not post-prandially, which would have stimulated a potential response. The 

potential changes in postprandial GLUT4 translocation are dependent of acute insulin stimulation 
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and at baseline (i.e. fasted state) the rate of GLUT4 endocytosis may exceed exocytosis (59). 

Nonetheless, our data confirms that the rate of GLUT4 translocation is similar in both strains 

regardless of treatment in the fasted state. Furthermore, the improvements in insulin resistance 

index observed with CR and SGLT2i as calculated from the oGTT data suggest that insulin 

signaling and GLUT4 translocation (and potentially GLUT2 in those tissues) at the time of the GTT 

were enhanced and that these changes were not captured by the end of study analyses.  

4.5.5 30% CR did not induce proteolysis and elicited more changes in the metabolome 

compared to SGLT2i alone 

In our previous study, a 50% CR increased the concentration of several plasma amino acids along 

with an acute reduction in BM that could not be completely accounted for by the reductions in 

adipose and organ mass losses suggesting that lean BM loss and proteolysis where sufficient to 

contribute to total BM loss (36). In contrast, 30% CR with or without SGLT2i did not significantly 

increase plasma amino acid concentrations in OLETF but rather a modest decrease in glyceric acid, 

a product of glycogenolysis was detected suggesting that glycogen stores may have been depleted 

at this stage of the CR. Moreover, body mass was maintained during the entire CR intervention, 

regardless of treatment with SGLT2i. These changes suggest that the degree of CR was not 

sufficient to induce significant proteolysis in OLETF rats. Furthermore, the decrease in total 

adipose with CR suggests that lipolysis was increased and was sufficient to ameliorate the potential 

for promoting proteolysis (and thus lean tissue catabolism), which is beneficial to maintain lean 

tissue and ameliorate the nitrogen load on the kidneys especially in the presence of existing 

glomerular injury.  

The present study demonstrates that the combined treatment of 30% CR with SGLT2i ameliorated 

insulin resistance and provided modest nephron-protective and anti-hypertensive benefits without 

the deleterious effects of sustained hypoglycemia and lean tissue catabolism. 
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Chapter 5. Conclusions and Future Directions 

 

Caloric restriction, and by consequence, body mass loss, mostly in the form of adipose tissue, is 

one of the first lines interventions to improve insulin resistance and ameliorate metabolic 

derangements. However, despite the beneficial effects achieved by this intervention, several 

metabolic adaptations will arise including 1) decrease of RMR, 2) prioritization of lipolysis and 

gluconeogenesis, and 3) change in hormonal profile in order to increase caloric intake. These 

changes would thus facilitate the regain of body mass even with reduced caloric intake while 

abrogating any beneficial effect on insulin resistance. 

 

Our data showed that severe caloric restriction (50%), even when maintained for a short period of 

time, can induce transient improvements in glucose tolerance and adiposity, however coupled with 

unintended lean tissue catabolism. These improvements were abrogated almost entirely even with 

partial body mass recovery, the majority of it being fat-free mass. Further metabolomics analysis 

confirmed an extensive lean catabolism and revealed that gluconeogenesis was reverted in the 

healthy condition, but not in the insulin resistant one, contributing to the reappearance of 

hyperglycemia after partial mass recovery.  In contrast, a moderate caloric restriction (30%) by 

itself did not show a profound effect in glucose tolerance as 50%. Moreover, metabolomics 

analyses did not show metabolic shifts as profound as the observed with 50% CR. However body 

mass was maintained, with the added benefit of potential nephroprotective effects. It should be 

noted that the majority of CR studies in the literature report profound beneficial effects with 

prolonged, moderate (15-30%) CR.  

 

Nonetheless, when SGLT2i was used in combination with CR, improvements in glucose tolerance 

and blood pressure were enhanced, while preserving a stable body mass. Although we described in 

this work the changes in glucose metabolism occurring in the liver and muscle after CR with 

SGLT2i, we were not able to pinpoint the exact mechanism that drives the improvements in blood 

pressure, which is an important question left open for future studies. Another limitation of this 

study is that we did not exanimated metabolic changes derived from body mass recovery. It would 

be interesting to explore this further in a future study. 

 

Based on the findings presented in this work we can conclude that 1) even short term CR can elicit 

important metabolic changes that are proportional to the degree of CR, 2) CR has to be maintained 

in order to keep this improvements long term and 3) SGLT2i inhibition, though it does not improve 

glucose tolerance by itself, proved to be a great aid when used in combination with moderate CR 

without the risk of exacerbated lean tissue catabolism nor hypoglycemia. The latter point is 

important to consider, as it suggests that combining CR (up to a certain degree) with SGLT2 

inhibition could have a higher therapeutical value than implementing both interventions as mutually 

exclusive. 

 

Future directions 

Lipid accumulation in the liver is linked to insulin resistance, especially TAG accumulation. 

However, there are several other classes of lipids that could potentially be linked to insulin 

resistance as well. We are currently analyzing preliminary data on how the hepatic lipid profile is 

different in the LETO compared to the OLETF rats, and how it changes after CR and PR. It will 

also be of interest to find any correlation between length of fatty acid chains and insulin resistance 

in this model, as long-chain fatty acids are a sign of incomplete β-oxidation and thus mitochondrial 

impairment.  
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In addition, we also performed a visceral lipectomy study in OLETF rats. The rationale behind this 

study was that excess visceral fat is linked with insulin resistance, in part due to hepatic lipotoxicity, 

and that by partially removing visceral fat depots, we would facilitate improvements in insulin 

sensitivity akin of those observed in CR, without the collateral loss of lean mass or profound 

metabolic adaptations. On this study we excised fat mass equivalent to the fat mass lost via 50% 

CR. The preliminary data showed that the improvement of insulin sensitivity does not develop 

immediately (2 days after, Lpx), but rather short term (10 days, Rec) after surgery, and that this 

improvement is similar to the one elicited by CR (Figure 23). Therefore, it would be of interest to 

further examine the metabolic shifts that drive this improvement, and to contrast them with the ones 

shown previously to be caused by CR.  
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Tables 

 

Table 1. Mean ± SE relative (%) body composition at endpoint. Retro=Retroperitoneal fat depot; 

Epi= Epidydimal fat depot; other = Accounts for the rest of the body mass. aP < 0.05 vs LETO. bP 

< 0.05 vs Control. cP < 0.05 vs CR. 
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Table 2. Mean ± SE plasma biochemical markers and electrolytes concentrations. Control. aP < 

0.05 vs LETO. bP < 0.05 vs Control. cP < 0.05 vs CR. 
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Table 3. Fold changes were calculated as mean condition B / mean condition A, after mTIC 

normalization. 

Condition A Condition B  

Strain Treatment Strain Treatment Comparison 

LETO CR Ctrl OLETF CR Ctrl A 

LETO PR Ctrl OLETF PR Ctrl B 

LETO CR OLETF CR C 

LETO PR OLETF PR D 

LETO CR Ctrl LETO CR E 

LETO PR Ctrl LETO PR F 

OLETF CR Ctrl OLETF CR G 

OLETF PR Ctrl OLETF PR H 

LETO CR LETO PR I 

OLETF CR OLETF PR J 

 

CR: Caloric Restriction; LETO: Long-Evans Tokushima Otsuka; OLETF: Otsuka Long-Evans 

Tokushima Fatty; PR: Partial Recovery 
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Table 4. Mean PC score ± SD for PC1 and PC2 for each group comparison and T-test P value for 

each comparison. 

Comparison Group Mean PC1 P value Mean PC2 P 

value 

A 
LETO CR Ctrl 5.16 ± 3.58 

0.0019 
-1.00 ± 3.76 

0.3091 
OLETF CR Ctrl -5.16 ± 1.15 1.00 ± 1.17 

B 
LETO PR Ctrl 5.06 ± 1.50 

<.0001 
-0.38 ± 2.59 

0.6400 
OLETF PR Ctrl -5.06 ±1.13 0.38 ± 2.41 

C 
LETO CR -3.32 ± 0.76 

0.0622 
-1.72 ± 0.23 

0.1093 
OLETF CR 3.32 ± 5.80 1.72 ± 3.74 

D 
LETO PR 5.01 ±1.82 

<.0001 
-0.12 ± 3.39 

0.8859 
OLETF PR -5.01 ± 1.04 0.12 ± 1.52 

E 
LETO CR Ctrl -4.14 ± 0.47 

0.0105 
0.88 ± 3.42 

0.3640 
LETO CR 4.14 ± 4.13 -0.88 ± 2.20 

F 
LETO PR Ctrl 4.48 ± 1.85 

<.0001 
-0.31 ± 3.60 

0.7775 
LETO PR -4.48 ± 1.11 0.31 ± 3.09 

G 
OLETF CR Ctrl -4.65 ± 0.51 

0.0158 
-0.36 ± 0.32 

0.7729 
OLETF CR 4.65 ± 5.20 0.36 ± 5.17 

H 
OLETF PR Ctrl 3.58 ± 3.89 

0.0139 
1.42 ± 3.46 

0.1457 
OLETF PR -3.58 ± 0.57 -1.42 ± 1.33 

I 
LETO CR 4.51 ± 2.36 

0.0003 
-0.40 ± 2.84 

0.6334 
LETO PR -4.51 ± 1.07 0.40 ± 2.16 

J 
OLETF CR 4.28 ± 5.18 

0.0207 
0.22 ± 5.20 

0.8595 
OLETF PR -4.28 ± 0.44 -0.22 ± 0.46 

 

CR: Caloric Restriction; LETO: Long-Evans Tokushima Otsuka; OLETF: Otsuka Long-Evans 

Tokushima Fatty; PC: Principal Component; PR: Partial Recovery 
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Table 5. Metabolites with the top 5 positive and negative loadings (by absolute value) for PC1 

and their respective pathway classification.  
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Table 6. Main pathway changes after caloric restriction (CR) and partial recovery (PR) compared 

to ad libitum controls.  

 

 

AA: Amino acid; TCA: Tricarboxylic Acid; PPP: Pentose Phosphate Pathway; *CR vs CR Ctrl; 

**PR vs PR Ctrl; ↑ Increase; ↓ Decrease; - no detectable change; † shown by previous [18] 

univariate analysis but not by current metabolomics data 
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Table 7. Mean ± SE basal (T0) fasting blood glucose (mg/dl), fasting plasma insulin (ng/ml) 

concentrations, and glucose/insulin ratio (mg/ng)  

 Glucose (mg/dl) Insulin (ng/ml) 
GI ratio 

(mg/ng) 

LETO Control 69 ± 3 1.00 ± 0.06 0.71 ± 0.07 

OLETF Control 93 ± 5a 1.19 ± 0.07 0.80 ± 0.06 

OLETF SGLT2i 

Control 
105 ± 3a 1.62 ± 0.19a 0.71 ± 0.09 

LETO CR 74 ± 3 0.74 ± 0.12 1.18 ± 0.19b 

OLETF CR 95 ± 3a 1.59 ± 0.16a 0.65 ± 0.07a 

OLETF SGLT2i CR 93 ± 6a 0.93 ± 0.15b,d 0.89 ± 0.07 

ap < 0.05 vs. LETO, bp < 0.05 vs. control, cp < 0.05 vs. SGLT2i, dp < 0.05 vs. OLETF CR  
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Table 8. Mean ± SE serum electrolyte concentration (mEq/L), 24 h urinary electrolyte excretion 

(mEq/d) and fractional excretion (FE) of electrolytes.  

 

ap < 0.05 vs. LETO,  bp < 0.05 vs. control,  cp < 0.05 vs. SGLT2i. 
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Table 9. Comparisons between groups for metabolomics analysis. All fold-changes are calculated 

as mTIC normalized mean of Group B/ mean of Group A 

Comparison Group A Group B 

A LETO Control LETO CR 

B LETO Control OLETF Control 

C LETO CR OLETF CR 

D OLETF Control OLETF CR 

E OLETF Control OLETF SGLT2i 

F OLETF Control OLETF SGLT2i + CR 

G OLETF CR OLETF SGLT2i 

H OLETF CR OLETF SGLT2i + CR 

I OLETF SGLT2i OLETF SGLT2i + CR 
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Figures 

 

 
 

Figure 1. Progression of changes in energy balance from obesity baseline to body mass (BM) 

regain, and metabolic adaptations in response to caloric restriction (CR). Green arrows: Beneficial 

effects, red arrows: deleterious effects. CCK, cholecystokinin; FPG, fasting plasma glucose; 

G6Pase, Glucose 6-phosphatase; HbA1c, glycated hemoglobin; HOMA-IR, homeostatic model 

assessment of insulin resistance; hs-CRP, hormone sensitive C-reactive protein; HSL, hormone 

sensitive lipase; LPC, lysophosphatidic acid; OXPHOS, oxidative phosphorylation; RMR, resting 

metabolic rate; SBP, systolic blood pressure; TCA, tricarboxylic acid; TG, triglycerides   
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Figure 2. Study timeline. For both strains, first dissected groups were CR and CR control, and last 

dissected groups were PR and PR control. 
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Figure 3. Mean ± SE animal body mass per week of age (n = 7, except for Controls before recovery 

period, where n = 14). m, mean slope of the line ± SE (body mass increase in g/day). 
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Figure 4. Mean ± SE absolute (g) (A) retroperitoneal and (B) epididymal adipose depots. aP < 0.05 

vs. LETO. bP < 0.05 vs. Control. 
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Figure 5. Mean ± SE values of systolic blood pressure (SBP) by weeks of age (n = 6). Solid lines 

represents CR and Recovery groups, whereas dashed lines represents Control groups. aP < 0.05 vs. 

LETO. bP < 0.05 vs. Control. 
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Figure 6. Mean ± SE blood glucose concentration (mmol/L) respect to time (min) and AUC (mmol 

× h/L) during oGTT for (A) LETO and (B) OLETF. Mean ± SE plasma insulin concentration 

(mmol/L × 10−9) with respect to time (min) and AUC calculations (mmol × h/L × 10−9) during 

oGTT for (C) LETO and (D) OLETF. Mean ± SE (E) insulin resistance index (IRI). aP < 0.05 vs. 

LETO. bP < 0.05 vs. Control. cP < 0.05 vs. CR. 
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Figure 7. Mean ± SE relative expression of (A) liver PEPCK, (B) liver G6Pc, and (C) kidney 

SGLT2 expression. aP < 0.05 vs. LETO. bP < 0.05 vs. Control. 
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Figure 8. Mean ± SE (A) serum leptin (mmol/L × 10−8), (B) adiponectin (mmol/L × 10−6), (C) 

leptin/adiponectin ratio × 103, and (D) plasma total GLP-1 (mmol/L× 10−9). aP < 0.05 vs. LETO. 

bP < 0.05 vs. Control. cP < 0.05 vs. CR. 
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Figure 9. Mean ± SE (A) plasma TG (mmol/L), (B) liver TG (mg/g of tissue), (C) plasma NEFA 

(mmol/L), (D) liver NEFA (μmol/g of tissue), (E) plasma lipase activity (U/L), and (F) liver DAG 

(ng/g of tissue). aP < 0.05 vs. LETO. bP < 0.05 vs. Control. cP < 0.05 vs. CR. 
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Figure 10. Project flowchart. CR: Caloric Restriction; LETO: Long-Evans Tokushima Otsuka; 

oGTT: oral Glucose Tolerance Test; OLETF: Otsuka Long-Evans Tokushima Fatty; PCA: 

Principal Component Analysis; PLS-DA: Partial Least Squares Discriminant Analysis; PR: Partial 

Recovery; VIP: Variable Importance in the Projection. 
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Figure 11. Metabolomics maps showing metabolites with p<0.05 after Student’s t-test, 

representing mean plasma peak intensity fold-changes between groups in metabolites with q<0.2, 

for (a) LETO CR Ctrl vs OLETF CR Ctrl (Comparison A), (b) LETO CR vs OLETF CR 

(Comparison C), (c) OLETF CR Ctrl vs OLETF CR (Comparison G), (d) OLETF PR Ctrl vs 

OLETF PR (Comparison J).  
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Figure 12. Pearson correlations (r) between Johnson transformed body mass (g), insulin resistance 

index (IRI) (relative units), retroperitoneal (retro) and epididymal (epi) adipose mass (g) vs Johnson 

transformed metabolites involved in (a) carbohydrate, (b) lipid and (c) amino acid metabolism.   
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Figure 13. Principal component analysis (PCA) score plots of principal components 1 (x-axis) and 

2 (y-axis) for (A) LETO CR Ctrl vs OLETF CR Ctrl, (B) LETO PR Ctrl vs OLETF PR Ctrl, (C) 

LETO CR vs OLETF CR, (D) LETO PR vs OLETF PR, (E) LETO CR Ctrl vs LETO CR, (F) 

LETO PR Ctrl vs LETO PR, (G) OLETF CR Ctrl vs OLETF CR, (H) OLETF PR Ctrl vs OLETF 

PR (I) LETO CR vs LETO PR, and (J) OLETF CR vs OLETF PR.  
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[Chapter 4 Figures] 

 

Figure 14. Mean ± SE incremental change in body mass per day (n=7). Data was not recorded 

during urine collection or after oGTTs and is denoted by gaps in data between one day to the next.  

m = mean slope of the line ± SE (g/d). 
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Figure 15. Mean ± SE systolic blood pressure (SBP) by weeks of age (n=6) ap < 0.05 vs LETO, 

*p < 0.05 vs OLETF SGLT2i CR (by t-test) 
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Figure 16. (A) Mean ± SE blood glucose concentration (mg/dL) over time (min) and (B) AUC 

glucose calculations (mg × h/dL) during oGTT. (C) Mean ± SE plasma insulin concentration 

(ng/mL) over time (min) and (D) AUCinsulin calculations (ng × h/mL) during oGTT. (E) Mean ± 

SE insulin resistance index (IRI) calculations. 
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Figure 17. Mean ± SE 24 h urinary glucose excretion (mg/d). ap < 0.05 vs. LETO, bp< 0.05 vs. 

control, cp < 0.05 vs. SGLT2i 
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Figure 18. Mean ± SE urinary albumin excretion (mg/d).  ap < 0.05 vs. LETO, bp < 0.05 vs. control,  

cp < 0.05 vs. SGLT2i 
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Figure 19.   Mean ± SE (A) plasma creatinine (mg/dL), (B) urinary creatinine excretion (mg/d), 

(C) plasma/urine creatinine ratio (relative units), and (D) creatinine clearance (Ccr) (mL/min). ap < 

0.05 vs. LETO, bp < 0.05 vs. control,  cp < 0.05 vs. SGLT2i, dp < 0.05 vs. LETO CR.  *p < 0.05 vs 

OLETF SGLT2i CR (by t-test) 
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Figure 20. Mean ± SE (A) hepatic glucose content (mg glucose/mg TP), (B) glucose-6-phosphate 

(G6P) content (ng G6P/mg TP), (C) G6P:Glucose ratio (mg/ng), (D) glycogen content (µg 

glycogen/mg TP), (E) hexokinase activity (pmol/mg TP/min), and (F) relative cytosol PCK1, (G) 

cytosol G6Pc and (H) membrane GLUT2 expression. aP < 0.05 vs. LETO. bP < 0.05 vs. Control, 
cP < 0.05 vs. SGLT2i, dP < 0.05 vs. OLETF CR.  
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Figure 21. Mean ± SE relative expressions of (A) insulin receptor (IR), (B) AMPK, (C) p-AMPK, 

(D) p-AMPK/AMPK ratio, (E) Akt, (F) p-Akt, (G) p-Akt/Akt ratio, (H) GLUT4, (I) p-GLUT4, 

and (J) p-GLUT4/GLUT4 ratio in gastrocnemius muscle. ap < 0.05 vs. LETO, bp < 0.05 vs. control, 
cp < 0.05 vs. SGLT2i, dp < 0.05 vs. OLETF CR  
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Figure 22. Metabolomic maps of 9 comparisons of interest, comparing fold-changes in mean 

plasma concentrations of detected metabolites. Only metabolites with p < 0.05 were mapped per 

comparison, and fold-changes are shown for metabolites with q < 0.2. Fold-changes are 

proportional to figure size.  
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Figure 23. Mean ± SE of blood glucose concentration (mg/dl) VS time (min) after (A) lipectomy 

and (B) recovery. Mean ± SE glucose AUC (mg*h/dl) after (B) lipectomy and (D) recovery.   

aP<0.05 vs LETO, bP<0.05 vs Ctrl, cP<0.05 vs Lpx 
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